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Statement Regarding Federally Sponsored Research or Developm* 

The U.S. Government has a paid-up license in this invention and the right 
in limited circumstances to require the patent owner to licence others on 
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Institutes of Health. 



Background of the Invention 
CI) Field of the Invention 

The present invention generally relates to live bacterial vaccines. More 
specifically, the invention is related to novel Mycobacterium sp. compositions 
and the use of those compositions to protect mammals against disease caused 
by virulent Mycobacterium sp. 
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There exb*s an urgent need for a novel tuberculosa OB) vaccine as there 
are more than 8 million new cases of tuberculosis and more man 2 million 
deaths reported each year by the WHO (Dye e. al., ,999). The discovery of the 
causative agent of TB, itfycobucto*™ tubemdosts, by Robert Koch in 1882 
opened up die possibility for a novel vaccine (Koch, 1882). Since then 
numerous attempts to develop attenuated vaccines agamst tuberculosis 'have 
Med, including tuberculin (a protein extract of lolled tubercle bacilli) 
developed by Dr. Koch himself. This failure of tuberculin to protect led to a 
ten common that immunity cou!d only be esrabUshed by inducing a definite, 
albett hnuted, tuberculosis process- Grange et al., 1983). Thus, numerous tabs 
set out to follow the example of Dr. Louis Pasteur forviruses and enrich 
attenuated mutants of the tubercle bacillus Mowing repeated passaging 

in order to test the hypothesis that a tubercle bacillus isolated from cattle 
Cnow known as M. bovis) could transmit p^monary tuberculosis following oral 
administtadon, D re . Calmette and Guerin developed a medium containing beef . 
We that enabled the preparation of fine homogenous bacillary suspensions 
(Calmette and Guerin, 1905). A* M. bovis strain obtained from Dr. Norcard 
was passaged every 21 days in this medium and after rite 39" passage the ' 
stttdn was found to be unable to kill experime„ tal ailto a. CGheotghiu,*i996) 
•Between 1908 and 1921, the strain showed no revision to virulence after 230 
passages on bile potato medium" (Id.), which Is consistent with rite attenuating 
mutaaon being a deletion mutation, m the animal studies that followed the 
strain CBCGO was found to be attenuated bu, ft also prctected annuals receiving 

alethalc ha llengeofvinden,raberclebacuU(Cahnet.eand Guerin, 1920) BCG 
was first used as a vaccine against tuberculosis in 1921. Frcm 1921 to !927 • 
BCG was to have pn.tecdve efficacy against TB in a study on children' 

(Well-Halle and Tmpin, i 9 25 ; Calmette and Plotz, 1929) and adopted by the 
league of Nations in 1928 for widespread use m the prevention of tuberculosa 
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By the 1 950's after a series of clinical trials, the WHO was encouraging 
widespread use of BCG vaccine throughout the world (Fine and Rodrigues 
1990). Although an estimated 3 billion doses have been used to vaccinate'the 
human population against tuberculosis, the mechanism that causes BCG's 
attenuation remains unknown. 

Mahairas et al. (1996) first compared the genomic sequences of BCG and 
M. bovis using subtracts hybridization and found that there were three major 
deletions (named RD1, RD2, and RD3) present in the genome of M. bovis, but 
missing in BCG. Behr et al. (1999) and others (Gordon et al., 2001) later 
identified 16 large deletions, including RD1 to RD3, present in the BCG genome 
but absent in M. tuberculosis. These authors concluded that 11 of these 16 
deletions were unique to M bovis, while the remaining 5 deletions were unique 
to BCG. They also found that one of these 5 deletions, designated RD1 (9 454 
bp), is present in all of the BCG substrains currently used as TB vaccines 
worldwide and concluded that the deletion of RD1 appeared to have occurred 
very early during the development of BCG, probably prior to 1921 (Behr et al 
1999). 

The development of insertional mutagenesis systems for BCG and M. 
tuberculosis (Kalpana et al., 1991), transposon mutagenesis systems (Cirillo et 
al., 1991; McAdam et al., 1995; Bardarov et al., 1997) and allelic exchange 
systems (Balasubramanian et al., 1996; Pelicic et al., 1997) led to the isolation 
of the first auxotrophic (nutrient-requiring) mutants of these slow-growing 
mycobacteria. Auxotrophic mutants of BCG and M. tuberculosis have been 
shown to confer protection to M tuberculosis challenges with variable efficacies 
(Guleria et al., 1996; Smith et al., 2001). However, a head-to-head comparison 
of BCG to a leucine auxotroph of BCG showed that a single immunization 
elicited no positive skin-test and imparted little immunity to challenges with M. 
tuberculosis or M. bovis (Chambers et al., 2000). In contrast, a methionine 
auxotroph of BCG that grows in vivo did confer significant protection to 
challenge to both M. tuberculosis and M. bovis ad.). A single dose of a leucine 
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auxottoph of M. tuberculosis failed to elicit protection as good as BCG in BAUVc 

mice (Hondalus et ai., 2000). These results suggest that optimal immunity 

againstM tuberculosis require, some gmwrh of the immunizing srrain. Double 

mutants of M tuberculosis have also been created (Parish and Stoker, 2000) 

but whether such mutants are Improved over single attenuating mutants in ' 

protecting mammals against challenge with a virulent mycobacteria™ 

particularly when the host is immunocompromised, has not been estabhshed 

It is also worth noting that in the study of Chambers et at ( 2000) both 

BCG and the BCG mutants seemed to protect better against M. boWs chauenge 

thanM. tubers, if we assume the revene corrdate is true, we could 

hypothesize that optimal immunity gainst M. tuberculosis could be achieved 

with M tuberculosis-derived mutant that grew in the mammalian host 

Based on the above, there remains a need for improved live 

mycobacterial vaccines having attenuated virulence, that confer protection hum 

vnulent mycobacteria, particularly*,, tuberculosis. The need is particularly 

acute for immunocompromised individuajs. The instant invention satisfies that 
need. 



Summary of the Invention 

The present invention is based on the discovery that mycobacteria having 
two attenuating mutations are safe and protect mammal, that ate deficient in 
^P^cytes from challenge by virulent mycobacteria. 
^, the present invention is directed to methods of treating a mammal 
that is deficient in CD4* lymphocytes. The methods comprise inoculating the 
mammal wift an attenuated mycobacterium in the M tuberculosis complex to 
these methods, the mycobacteria, comprises two deletions, wherein a virujent 
mycobacteria™ in the M. tuberculosis complex having either deletion exhibits 
attenuated virulence. 
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Brief Description of the Drawings 

FIG. 1 shows maps and autoradiography pemdning to the construction of 
ARDI mutants of M. tuberculosis. Panel a, M. tuhencufasjs H37RV published 
sequence between 4346 kb and 4364 kb, showing predicted**,/ sites. Arrows 
on *e top represent the genes in the RM region The RD1 region deleted from 
M bovu BCG is represented by an open bat spanning from Rv3871 to R»3879c 
Upstream and downstream flankmg sequences, UPS and DPS respectively are ' 
indicated as closed bars underneath the grid line. Panel b, Southern ' 
hybridization of M tuberodos* H37Rv ARDJ created using two-step sequential 
homologo™bina U on Panel c, Southern hybridist, of M. tubereuios* 
H37RV and Erdman ARM strain created using specialized transduction 

FIG. 2 shows graphs summarizing experiments establishing that M. 
tylosis H37Rv ARM k attenuated in SOD mice. Pane, a, Seven female 
SOD mice were infected intravenously with 2X I 0«CFUM Miosis H37Rv 
M tuberculosis H37Rv ARDI, and M. tuberculosis H37Rv ARDi ::2F9 per mouse' 
Tie number of surviving mice was recorded post infection. Panel b, Mice were 
mfected with different doses of M tuberculosis H37Rv. M. tuberculosis H37Rv 
ARDI, and M. bovis BCG. For each strain, infection doses of 2X10' GFU &10= 

c ro ,2X^cro,and2X10 3 CF„permo U se,we re ad J ^ t e re dv I atail' 
intravenous injection. 

FIG. 3 is photographs, micrographs and autoradiographs showing that 
the M tuberculosis H37Rv ARDI mutant exhibits two distinct colonial 
monotypes. Panel a, M tuberculosis H37Rv. Panel b, M. tuberculosis H37Rv 
ARDI. Panel c, M. tuberculosis H37Rv ARD J::2 F9. Panel d, Southern analysis 
of M. tuberculosis H37Rv ARD2 ^,-digested genomic DNA, isolated from 
three smooth and three rough colonies and prebed with DPS. Panels e-* 
Colortalmon.hotypesatmghermagnmcation. e, Smooth morphotype at' week 
4. f, Rough motphotype at week 4. g, Rough morphotype at week 6. 

HG. 4 is graphs showing the growth kinetics of M. tuba-ados* H37Rv 
ARDI m BALB/c mice. Mice were infected with 2X10» CFU threugh tad 



226471.1 



-16- 



»m Time to death was noted and at day I, week 4, 8, 14, and 22 post- 
mfecnon, nuc. were McrMced „ ^ ^ ta 

spleen, hver, and ta* The number5 reprcsent ^ ^ rf ^ ta 
denved from three animals. The etror bats represent the standard errors of the 
meat*. Panel a, Thne to death assay in BALB/c mice. Panel b, Spfcen. Panel c 
Liver. Panel d, Lung. s 

FIG. S to micrographs from pathological studies of infected BALB/c mice 
Panels a - c, Lungs from mice infected with 2xl0« CPU of M. a*™** H37 Rv 
exammed at 4, 8 and 14 weeks posfinfecdon. The mild to moderate 
pneumonia a, 4 and 8 weeks (a and b) progressed to severe consolidating 
granulomatous pneumonia at 14 weeks post infection Cc). Panels d - f Lungs 
from mice mfccted with 2XL0-CFU of M. tuberculosis H37Rv ARDl examined at 
4, 8 and 22 weeks post-infectton showing moderate pneumonia at 8 weeks 
post-infection C e) and pe^istem bronchitis and multifocal pneumonitis at 22 
weeks post-infection ». Panels (g)- (0 , MUd iung lesions from mice infected 
Wtth 2x,0'CFU of BCG at 4, 8 and 22 weeks post-infecdon MUd focal 
granulomas scattered widely in the hmg at each time point with predomtoateiy 
lymphocytic accumulations in foci at 22 weeks post-infection. 

FIG. 6 shows graphs summarizing experiments establishing that 
pantothenate auxotrophy leads to attenuation of M tuberculosis AponCD mutant 
m SOD mice. Panel A, Survival of BALB/c SOD mice (n = 12 per group) 
mfected imravenously with 490 CPU of H37Rv (O) or 210 CPU of pm CD 
complementing strain (panCD in single copy integrated into the 

chramosomeH.) or 3.4 x 10» CPU o, ApanCD mutant CA) or 3.3 x 10' CPU of 
BCG-P (O). p^ B> Bacterial nUffibeis ^ ^ ^ (#) ^ ^ ^ 

SOD mice tafected intravenously with 490 CPU of H37Rv or numbers in spjeen 

(O)andh m g s (A)ofmlcemfectedwith3.4xl0-CFUofAp a „CDmutant The 
results represent means ± standard errors of four to five mice per group ' 

FIG. 7 shows graphs summarizing experiments demonstrating tile 
attenuation, limited growth and persistence of ApanO) mutant to 
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immunocompetentmice. Panel A, Survival of BALB/c mice (n= 12 per group) 
infected with 4.4 x 10* CFU of wild-type M teftemiZW. HSTRv (o) 3 2 x 10* 
CFUpanCD complementing strain (panCD in single copy integrated'into the 
chromosome)(.) or 2.4 x 10* CFU panCD mutant (A). Panels B and C 
Bacterial loads in spleen and lungs of BALB/c mice infected intravenously with 
4.4 x 10* CFU wild-type H37Rv (o) or 3.2 x 10° CFU panCD complementing 
strains or 2.4 x 10* CFU ApanCD mutant (A). CPUs were assayed at various 
time points on 7H1 1 agar with or without pantothenate supplementation where 
required. The results represent means ± standard errors of four to five mice 
per group. 

FIG. 8 shows graphs summarizing experiments demonstrating the 
attenuation, limited replication and persistence of AnadBC mutant in 
immunocompetent mice. Panels A and B, Bacterial loads in lungs and spleen of 
C57BI/6 mice infected with wild type M. tuberculosis HSTRv (•) or AnadBC 
mutant (O). Mice were infected intravenously with 10* CFU of each strain 
CPUs were assayed at various time points on 7H11 agar with or without 
nicotinamide supplementation where required. The results represent means ± 
standarderrorsoffourtofivemicepergroup. Panel C, Survival of C57BI/6 
mice (n=12 per group) infected with 10* CFU of wild-type bacteria (•) or 10* 
CFU of AnadBC mutant (O). 

FIG. 9 shows an illustration, map and autoradiograph relating to the 
pathway for the biosynthesis of pantothenic acid and coenzyme A and its 
disruption in M. tuberculosis. Panel a. The enzymes involved in the biosynthesis 
of pantothenic add and having annotation in the genomic sequence of M 
tuberculosis HSTRv are shown in bold numbers: 1) panB, ketopantoate 
hydroxymethyl transferase; 2) panD, aspartate-l-decarboxylase; 3) panC 
pantothenate synthetase; 4) panK, pantothenate kinase; 5) acpS, ACP synthase 
Panel b. Map of the panCD genomic region in the wild type M. tuberculosis 
HSTRv and the ApanCD mutant. Restriction sites and probe location are 
indicated. Panel c. Southern blot of BssMl-digested genomic DNA from 
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wild-type HSTRv (lane 1), two independent clones of ApanCD mutant from 
H37Rv (lanes 2 » 3) and probed with a 716 bp downstream region flanking the 
panCD operon. Molecular size marker (in kb) is shown on the left. 

FIG. 10 shows graphs summarizing experiments demonstrating that 
pantothenate auxotrophy leads to attenuation of ApanCD mutant in mice a 
Survival of BALB/c SCID mice (n = 12 per group) infected intravenously with 
HSTRv (O) or panCD-complemented strain (•) or ApanCD mutant (A) or M 
bovis BCG-P (□). b . Bacterial numbers in the spleen (O), Uver (D) lung 
(A) of SCID mice infected intravenously with H37Rv or the bacterial numbers in 
the spleen (•). liver (.) and lung (A) of mice infected with ApanCD mutant 
c Survival of immunocompetent BALB/c mice (n = 16 per group) infected with 
H37Rv (O) or panCD-complemented strain (•) or ApanCD mutant (A) d e f 
Bacterial numbers in lung (d), spleen (e) and liver (f) of immunocompetent 
BALB/c nuce infected intravenously with either H37Rv (O), 
panCD-complemented strain (.) or ApanCD mutant (A). Data are means ± 
standard errors of four to five mice per group. 

FIG. 11 shows micrographs and graphs summarizing experiments 
demonstrating that the ApanCD mutant produces less tissue pathology in lungs 
of infected BALB/c mice and protects mice against challenge with virulent M 
tuberculosis, a. Severe consolidating granulomatous pneumonia (★) obliterating 
the normal lung parenchyma at 3 weeks post-infection with H37Rv. b Severe 
consolidating granulomatous pneumonia (★) obliterating the normal lung 
parenchyma at 3 weeks post-infection with the panCD-complemented strain 
similar to the wild type strain, c. Mild lung infection caused by the ApanCD 
mutant at 3 weeks post-infection. Localized multifocal granulomas (arrows) 
scattered widely in the lung. Most of the lung is normal alveolar spaces and 
airways. d.Lung of mouse infected with ApanCD mutant examined 
histologically at 23 weeks post-infection. Occasional focal, mild perivascular 
and interstitial infiltrations composed of predominately lymphocytes (arrows) 
Most of the lung is normal alveolar spaces and airways, e, f. The attenuated 
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ApcmCD mutant protects mice against aerogenic challenge with virulent M 
ftAoncfa* Erdman. Subcutaneously immunized mice were challenged after 90 
days through the aerosol route. The CPU numbers reflect the bacterial burden 
at 28 days post aerosol challenge in the lung (e) and spleen (f). Naive mice - 
black fill; mice infected with 1 dose panCD - light shade; mice infected with 2 
doses panCD - dark shade; mice infected with BCG-P - unshaded. 

FIG. 12 shows autoradiographs of Southern analysis of the Ncol-digested 
genomic DNA isolated from the wild type and the ARDJ mutants generated 
using specialized transduction in M. tuberculosis and M. bovis. Lanes: 1 , M. 
tuberculosis H37Rv; 2 - M. tuberculosis H37Rv ARDJ; 3 - M. tuberculosis 
Erdman; 4 - M. tuberculosis Erdman ARDJ; 5 - M. tuberculosis CDC1551- 6 - M. 
tuberculosis CDC1551 ARDJ; 7 - M 6oWs Ravenel; and 8 - M bovis Ravenel 
ARD J . The probed used in the Southern analysis was either DFS (left) or 
IS6110-specific sequence (right). 

FIG. 13 shows graphs summarizing data confirming that deletion of RDJ 
in M. tuberculosis and M. bovis confers an attenuation of virulence for M. 
tuberculosis andM. bovis, as indicated by these Time to death curves of mice 
infected intravenously with 2xl0« CFU mycobacteria. Panel A, SCID mice 
infected with M. tuberculosis H37Rv (-), M. tuberculosis H37Rv ARDJ (□) M. 
tuberculosis Erdman (.), M tuberculosis Erdman ARDJ (O), M . tuberculosis 
CDC1551 (A), M. tuberculosis CDC1551 ARDJ (A), M. bovis Ravenel (T) M. 
6om Ravenel AKD1 (V); Panel B, SCID mice infected intravenously with M 
tuberculosis H37Rv (•), M. tuberculosis ARDJ (■), M. tuftercaZosts ARDJ::2F9 
(A), M. fiovis Ravenel (o), M. &ovis Ravenel ARDJ (□), and M ftovts BCG (A); 
Panel C, BALB/c mice were infected with M. tuberculosis H37Rv (o), M . 
tuberculosis ARDJ (A), and M. ftovts BCG (□). 

FIG. 14 are graphs summarizing experiments demonstrating the 
clearance of the lysine auxotroph in SCID mice. The viable bacterial counts are 
shown for the spleens, livers, and lungs of SCID mice injected intravenously • 
with the lysine auxotroph strain and the prototrophic control strain. Three mice 
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were assayed at each time point. The error bar, indicate the standard 
deviations of the mean values. Note that the counts at time zero are the counts 
obtained at 24 hours post-injection, as described in Example 5. Panels A, B and 
C show the log of the viable bacteria in each organ after injection with 1x10' 
CPU of thelys M tuberculosis mutant mc*3026 (□), or lxl 0 7 CFU of the 
complemented Lys+ M. tuberculosis strain mc^e/pYUBesi (.). 

FIG. 15 is graphs summarizing experimental results of experiments that 
establish the vaccine efficacy of the M. tuberculosis lysine auxotroph mc*3026 
C57B1/6 mice were injected intravenously with 1x10* CFU of the M. tuberculosis 
lysine amcotroph ^3026, followed by one or two additional injections at 4 
week intervals. Rve mice were sacrificed weekly after each immunization and 
the viable bacteria counts of the auxotroph determined in the lungs and spleens 
Control mice were given a similar amount of BCG-Pasteur or only PBST. Shown 
in Panel A is the clearance of the auxotroph from the lungs of the mice after 
each immunization period; one injection (■), two injections (♦), and three 
injections (•). Three months after the initial immunization the vaccinated and 
control mice were challenged with virulent M. tuberculosis Erdman by the 
aerosol route. Five challenge mice were sacrificed following the challenge 
penod and the lung homogenates plated to check the viable counts of the 
challenge inoculum. Groups of vaccinated and control mice were sacrificed at 
14, 28, and 42 days later and the lung and spleen homogenates' plated to 
deterrnine viable colony forming units. Shown in Panel B are the viable 
challenge bacteria per lung of mice given one dose of the M. tuberculosis lysine 
auxotroph, and in panel C, the viable challenge bacteria per lung of mice given 
two doses of the auxotroph. Key: Viable challenge bacteria per lung of mice 
given the M. tuberculosis lysine auxotroph mc*3026 (■), BCG-Pasteur (0) or 
PBST(O). Pvaluesareindicatedinthefigure. Note that the results shown 
here are for the lungs. Similar results (not shown) were obtained from the 
spleens in all the experiments. 



226471.1 



-21- 



FIG. 16 shows a graph summarizing experiments establishing the survival 
curves of mice immunized three times with the M. tuberculosis lysine auxotroph 
me 3 026. C57B1/6 mice were injected intravenously with lxlO« CFU of the M 
tuberculosis lysine auxotroph mc*3026, followed by two more injections at 4 
week intervals, and challenged as described in Example 5. The percent survival 
is shown above for mice immunized thrice with the M. tuberculosis lysine 
auxotroph mc>3026 (., 5 mice total), once with BCG-Pasteur (♦, 5 mice) and 
for the PBST controls (•, 10 mice). 

FIG. 17 shows graphs summarizing experimental result* estabhshing that 
the virulence of strain mc*6030 is highly attenuated in SCID mice and BALB/c 
mice. 

FIG. 18 shows graphs summarizing experimental results measuring 
growth of various strains of M. tuberculosis in spleen (Panel A) and lungs (Panel 
B)ofC57BV6mice. 

FIG. 19 is a graph summarizing experimental results establishing that 
immunization with mc*6020 and mc*6030 protects mice against TB as 
effectively as BCG. This graph shows the survival of C57BI/6 mice challenged 
with virulent M. tuberculosis Erdman through the aerosol route three months 
after a single dose subcutaneous immunization with either BCG, mc 2 6020 
{MysAAponCD) or mc*6030 (ARDJ tpanCD) and compared to non-immunized 
naive mice. There were 12 to 15 mice in each survival group. 

FIG. 20 is a graph summarizing experimental results establishing that 
immunization with mc>6030 protects CD4 deficient mice from TB. CD4- mice 
were immunized by a single subcutaneous injection of 10 6 CFU of either 
kKDlkpanCD (mc>6030) or BCG-P and three months later challenged with 100- 
200 CFU of virulent M tuberculosis through the aerosol route andcompared to 
non-immunized (naive) CW controls. Each group consists of 10 mice. 

FIG. 21 shows graphs summarizing experimental results establishing that 
M tuberculosis double deletion mutants are highly attenuated in SCID mice A 
dose of 10' mc-6020 or mc*6030 were intravenously inoculated into SCID mice 
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(10 per group) and time to death assessments were performed. While the same 
dose of M tuberculosis and BCG killed mice in 40 or 90 days, respectively, the 
mice infected with mc 2 6020 or mc^O survived over 400 or 250 days, 
respectively. 



Detailed Description of the Invention 

The present invention is based on the discovery that mycobacteria having 
two attenuating mutations are safe and protect mammals that are deficient in 
CD4 + lymphocytes from challenge by virulent mycobacteria: See Example 6. 

Thus, the present invention is directed to methods of treating a mammal 
that is deficient in CD4 + lymphocytes. The methods comprise inoculating the 
mammal with an attenuated mycobacterium in the M. tuberculosis complex. In 
these methods, the mycobacterium comprises two deletions, wherein a virulent 
mycobacterium in the M. tuberculosis complex having either deletion exhibits 
attenuated virulence. 

The protection afforded by those double mutants in mammals deficient 
in CD4 + lymphocytes is surprising because it was previously believed that CD4 + 
lymphocytes were crucial in estabUshing immunity against tuberculosis (Jones 
et al., 1993; Scanga et al., 2000). The instant discovery establishes that such 
mutants would be expected to be safe and effective in providing protection 
against tuberculosis in individuals with highly compromised immunity, such as 
individuals with HIV infection or those taking immunosuppressant drugs (e.g., 
transplant patients). 

The mammal can be inoculated with the mycobacteria in the methods of 
the present invention by any of a number of ways known in the art. These 
include oral ingestion, gastric intubation, or broncho-nasal-ocular spraying. 
Other methods of administration include intravenous, intramuscular, 
intramammary, or, preferably, subcutaneous or intradermal injection. The 
immunization dosages required can be determined without undue 
experimentation. One or two dosages of avirulent mycobacteria at 1-2 x 10 6 
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colony fonning ^ (CFU) ^ previous , y been ^ ^ ^ ^ 
contemplated within the scope of the invention. Multiple dosages can be used 
as needed to provide the desired level of protection from challenge 

It is well known In the art that in order to elicit an nnmune response 
with a Uve vaccine such as an avirulent mycobacteria, it is prefer that the 
wane organism can sustain an infection in the immunized host, to provide a 
sustained exposure of the hosfs immune system to the organism. Therefore i„ 
various preferred embodiments, tire mycobacteria used in the medtods of the 
mvendon are capable of sustaining an tafectfon in the host. He ability to 
sustain infection can be measured without undue experimentation by any of a 
number ofways described in die art. With the mycobacteria used in the ' 
methods of the present invendon, a preferred way of measuring sustained 
mfecdon is by detennming whether viable mycobacteria of the inoculated strain 
wdl remain resident In an immunocompetent mouse (e.g., BALB/c or CSTBt/6 
strait) for more than four weeks. More preferably, the inoculated mycobacteria 
wdl remain resident In the mouse for at least ten weeks, ht the most prefered 
embodiments, viable mycobacteria of the Inoculated strain will remain resident 
in the mouse for at least 20 weeks. 

Preferably, the attenuated mycobacteria used in the methods of the 
mvendon are capable of protecting a mammal from challenge by a vrrujent M 
tuberculosis complex mycobacteria. This ability can be determined by any of a 
number of ways provided in the litetanne. A preferred method is aerogenically 
treatmg an immunocompetent mouse with the virulent mycobacteria as 
described in Examples 1 and 2. Aerogenic chaUenge is prefared because that 
most closely mimics natural infectton. The skilled artisan would understand 
that the ability of an avirulent mycobacteria, to protect a mouse from 
challenge from a virulent mycobacteria, is indicative of the ability of the 
avindent mycobacterium to protect a human, including a human child from 
tnberculosis infectton. A more stringent test of an avirulent mycobacterium to 
prevent infection by a virulent challenge is to use an immunocompromised 
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mammal, e.g. a SCBD mouse or a mouse deficient in CD4 or interferon y 
production. 

The scope of the present invention includes the use of mycobacteria in 
the M. tuberculosis complex that comprise two attenuating, deletions, where at 
least one of the attenuating deletion was made using genetic engineering. As 
discussed above, examples of such deletions include deletions of an RD1 region, 
deletions of a region controlling production of a vitamin, and deletions of a 
region controlling production of an amino acid. These mycobacteria include any 
in the M. tuberculosis complex, including M. africanum, M. bovis including the 
BCG strain and the subspecies caprae, M. canettii, M. microti, M. tuberculosis and 
any other mycobacteria within the M. tuberculosis complex, now known or later 
discovered. Preferred species are M. bovis, including the BCG strain, and M. 
tuberculosis, since those species are the most important as causes of mammalian 
diseases, such as tuberculosis in humans and M. bovis infection in cows. 

In some aspects of these embodiments, at least one of the two deletions 
is of the RD1 region (see Example 1). Strains with these deletions can be 
determined by any means in the art, preferably by molecular genetic means, for 
example by hybridization methods (e.g., Southern blot using a probe from the 
RD1 region) or by amplification methods (e.g., PCR using primers to amplify a 
portion of the RD1 region). An example of an M. tuberculosis RD1 region (from 
H37Rv) is provided herein as SEQ ID NO:l. The skilled artisan could identify 
analogous RD1 regions from other mycobacteria in the M. tuberculosis complex 
without undue experimentation. Those RD1 regions would be expected to have 
strong homology to SEQ ID NO:l, at least 80% homologous to SEQ ID NO:l. 
However, it is to be understood that virulent mycobacteria in the M. tuberculosis 
complex can be rendered avirulent by deletions in a portion of the RD1 region. 
Therefore, use of non-naturally occurring mycobacteria in the M. tuberculosis 
complex that have a partial deletion in the KD1 region are envisioned as within 
the scope of the invention, provided the deletion can cause a virulent M. 
tuberculosis to become avirulent. It is expected that such M. tuberculosis with 
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partial RD1 deletions can still sustain an infection in a mammal and protect 
against challenge by a virulent M. tuberculosis. 

In embodiments where at least one of the deletions is in a region 
controlling production of a vitamin, the deletion can be in any genetic element 
leading to loss of production of the vitamin, including structural genes for 
enzymes involved in the biosynthesis of the vitamin, and genetic control 
elements such as promoters, enhancers, etc. 

Deletion of a region controlling production of any essential vitamin or 
their precursors is contemplated as within the scope of the invention. As used 
herein, an essential vitamin is denned by its normal usage, that is, a small 
molecular weight compound that is required as a cofactor for the efficient 
function of an essential enzyme or enzymes. Nonlimiting examples include 
vitamin A, thiamin (Bl), riboflavin (B2), nicotinic acid (niacin)/ nicotinamide/ 
nicotinamide adenine dinucleotide (NAD)/ nicotinamide adenine dinucleotide 
phosphate (NADP/coenzyme II), pantothenate (pantothenic acid/B5), 
pyridoxine (B6), folic acid, B12, biotin, C, D, E and K. Preferred vitamin targets 
for deletion include nicotinamide and pantothenate (see Example 2). Methods 
for determining whether a mycobacterium has deletions leading to the loss of 
production of any of these vitamins are within the scope of the art. 

Deletions leading to the loss of any of these vitamins would be expected 
to lead to attenuated virulence of an otherwise virulent mycobacterium m the 
M. tuberculosis complex. Any of those strains would also be expected to sustain 
an infection in a mammal. 

Preferred vitamin targets are pantothenate and nicotinamide adenine 
dinucleotide (NAD) (see Example 2). A preferred pantothenate deletion is of 
structural genes in the pantothenate biosynthetic operon, most preferably the 
pan C and D genes, the combined mutation being ApanCD. An example of a 
deletion of those genes is the deletion of the sequence from M. 
tuberculosis H37Rv provided herein as SEQ ID NO:2. Similarly, a preferred 
NAD deletion is in the structural genes of the NAD biosynthetic operon, most 
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preferably the nadB and nadC genes, the combined mutation being AnadBC. An 
example of a deletion in those genes is the deletion of the sequence from M. 
tuberculosis H37Rv provided herein as SEQ ID NO:3. 

In other embodiments, at least one of the attenuating deletions is of a 
region controlling production of an amino acid. Preferred examples include 
deletions of a region controlling production of proline, tryptophan, leucine or 
lysine. When the amino acid is lysine, a preferred deletion is a AlysA deletion, 
e.g., SEQ ID NO:4. 

The mycobacterium deletions can be made by serial in vitro passage of a 
virulent M. tuberculosis (as the well-known M. bovis BCG was made) and 
selection for the desired deletion. More preferably, however, the deletion is . 
made by genetic engineering, since such genetic methods allow precise control 
of the deletion being made. 

Various methods of making deletions in mycobacteria are known in the 
art. Nonlimiting examples include specialized transduction (see, e.g., U.S. 
Patent No. 6,271,034, Example 1 and Example 2), and sequential two-step 
recombination (see Example 1). The latter method can usefully employ a a sacB 
selective marker (Example 1). 

Since, in preferred embodiments of the invention, the mycobacteria , 
exhibit attenuated virulence and can sustain an infection in a mammal, these 
mycobacteria can usefully further employ a foreign DNA stably integrated into 
the genome of the mycobacteria, such that the mycobacteria can express a gene 
product coded by the foreign DNA. See, e.g., U.S. Patent 5,504,005. 

Thus, the present invention has wide applicability to the development of 
effective recombinant vaccines in mammals deficient in CD4 + lymphocytes 
against bacterial, fungal, parasite or viral disease agents in which local 
immunity is important and might be a first fine of defense. Non-limiting 
examples are recombinant vaccines for the control of bubonic plague caused by 
Yersinia pestis, of gonorrhea caused by Neisseria gonorrhoea, of syphilis caused 
by Treponema pallidum, and of venereal diseases or eye infections caused by 
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Chlamydia trachomatis. Species of Streptococcus from both group A and group 
B, such as those species that cause sore throat or heart disease, Neisseria 
meningitidis, Mycoplasma pneumoniae, Haemophilus influenzae, Bordetella 
pertussis, Mycobacterium leprae, Streptococcus pneumoniae, Brucella abortus, 
Vibrio cholerae, Shigella spp., Legionella pneumophila, Borrelia burgdorferi, 
Rickettsia spp., Pseudomonas aeruginosa, and pathogenic E. coli such as ETEC, 
EPEC, UTEC, EHEC, and EIEC strains are additional examples of microbes 
within the scope of this invention from which foreign genes could be obtained 
for insertion into mycobacteria of the invention. Recombinant anti-viral 
vaccines, such as those produced against influenza viruses, are also 
encompassed by this invention. Recombinant anti-viral vaccines can also be 
produced against viruses, including RNA viruses such as Picornaviridae, 
CaUcivirldae, Togaviridae, Havivuidae, Coronaviridae, Rhabdoviridae, 
Filoviridae, Paramyxoviridae, Orthomyxoviridae, Bunyaviridae, Arenaviridae, 
Reoviridae or Retroviridae; or DNA viruses such as Hepadnaviridae, Paroviridae, 
Papovaviridae, Adenoviridae, Herpesviridae or Poxviridae. 

The use of these methods for adjninistering recombinant vaccines to 
protect against infection by pathogenic fungi, protozoa or parasites are also 
contemplated by this invention. 

The avirulent microbes used in the methods of the present invention are 
also contemplated for use to deliver and produce foreign genes that encode 
pharmacologically active products that might stimulate or suppress various 
physiological functions (i.e., growth rate, immune-stimulating cytokines, blood 
pressure, etc.) in CD4 + -deficient mammals. In such microbes, the recombinant 
gene encodes said pharmacologically active products. 

By immunogenic agent is meant an agent used to stimulate the immune . 
system of an individual, so that one or more functions of the immune system are 
increased and directed towards the immunogenic agent. Immunogenic agents 
include vaccines. 



226471.1 



-28- 

An antigen or immunogen is intended to mean a molecule containing one 
or more epitopes that can stimulate a host immune system to make a secretory, 
humoral and/or cellular immune response specific to that antigen. 

In preferred embodiments, the foreign DNA encodes an antigen, an 
enzyme, a lymphokine, an immunopotentiator, or a reporter molecule. 
Preferred examples include antigens from Mycobacterium leprae, Mycobacterium 
tuberculosis, malaria sporozoites, malaria merozoites, diphtheria toxoid, tetanus 
toxoids, Leishmania spp., Salmonella spp., Mycobacterium africanum, 
Mycobacterium intracellulare, Mycobacterium avium, Treponema spp., Pertussis, 
Herpes virus, Measles virus, Mumps virus, Shigella spp., Neisseria spp., Borrelia 
spp., rabies, polio virus, human immunodeficiency virus, snake venom, insect 
venom, and Vibrio cholera; steroid enzymes; interleukins 1 through 7; tumor 
necrosis factor a and p; interferon a, p, and y; and reporter molecules 
luciferase, p-galactosidase, p-glucuronidase and catechol dehydrogenase. 

Preferred embodiments of the invention are described in the following 
examples. Other embodiments within the scope of the claims herein will be 
apparent to one skilled in the art from consideration of the specification or 
practice of the invention as disclosed herein. It is intended that the 
specification, together with the examples, be considered exemplary only, with 
the scope and spirit of the invention being indicated by the claims which follow 
the examples. 

In accordance with the present invention there may be employed 
conventional molecular biology, microbiology, and recombinant DNA techniques 
within the skill of the art. Such techniques are explained fully in the literature. 
See, e.g., Maniatis, Fritsch & Sambrook, "Molecular Cloning: A Laboratory 
Manual" (1989); "Current Protocols in Molecular Biology" Volumes I-IV 
(Ausubel, R. M., ed. (1997); and "Cell Biology: A Laboratory Handbook" 
Volumes I-m (J. E. Celis, ed. (1994). 
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Example 1. Mycobacterium tuberculosis having an J?D2 deletion has attenuated 
virulence and protects against tuberculosis 
This example describes experimental methods and results that establish 
that deleting the RD1 region from a virulent M. tuberculosis attenuates the 
virulence of the M. tuberculosis in both immunocompetent and 
immunocompromised mice, and protects against subsequent challenge by a 
virulent.M tuberculosis. 
Materials and Methods 

Media and Cultures . The mycobacterial strains M. tuberculosis H37Rv M. 
tuberculosis Erdman and M bovis BCG Pasteur were obtained from the Trudeau 
Culture Collection (Saranac Lake, NY). They were cultured in Middlebrook 7H9 
broth and 7H10 agar supplemented with 10H OADC, 0.5% glycerol, and 0.05% 
TweenSO. Cyclohexamide, which does not affect mycobacterial growth was 
added to the 7H10 agar medium at 0.1% to avoid fungal contamination.' To 
examine the colony morphology of mycobacteria, Tween 80 was not added to 
7H10 agar medium. The acriflavin resistant strain (Hepper and Collins 1984) 

ofM. ^Zo^Erdmangrewmthe P res e n C eof20ugofacrmavm P ernu O f 
medium. 

DNA manip ulation and cwirnrt lnn of Mtuherr,,,^ AD n, The following four 
pnmers were used to amplify upstream and downstream flanking sequences 
CUFS and DPS, respectively) for the construction of the RD1 deletion mutants 
UFS was amplified using TH201: GGGGGCGCACCTCAAACC and TH202- 
ATGTGCCAATCGTCGACCAGAA. DFS was amplified using TH2 03- 
CACCCAGCCGCCCGGAT, andTH204: TTCCTGATGCCGCCGTCTGA 
Recognition sequences for different restriction enzymes were included at the 
ends of each primer to enable easier manipulation. 

The unmarked deletion mutant ofM. tuberculosis H37Rv, mc 2 4004 was 
generated by transformation (Snapper et al., 1988) using a sacB 
counterselection (Pelocic et al., 1996; Pavelka and Jacobs, 1999). Specifically 
the plasmid pJH508 was created by first cloning UFS into KpnL and Xbal sites ' 
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then cloning DPS into EcoRl and Hindm sites of pJH12, a pMV261-derived E 
coli-Mycobacteria shuttle plasmid, to create pJH506 in which UFS and DFS 
flanked a green fluorescent protein gene (GFPuv, Clonetech) whose expression 
was driven by the M. leprae promoter 18Kd. The UFS-gfp-DFS cassette was 
sub-cloned into the EcoRV site of plasmid pYUB657 to create pJH508. The first 
homologous recombination involved the identification of hygromycin resistant 
colonies, resulting from the transformation of M tuberculosis with pJH508. 
Southern analysis of the Afcol digested DNA isolated from hygromycin resistant 
colonies probed with UFS or DFS, confirmed the presence of a single copy of 
PJH508 inserted into the M. tuberculosis genome. The transforms identified 
was then grown in 7H9 broth to saturation, to allow the second homologous 
recombination to occur, resulting in recombinants that could be selected by 
plating the culture on 7H10 plates, supplemented with 3<>/o SUC rose. Both 
Southern analysis and PGR of the DNA isolated from sucrose resistant colonies 
confirmed the RDl deletion. 

Specialized transduction (Bardarov and Jacobs, 1999), a 
mycobacteriophage-based method for the delivery of homologous DNA 
constructs using conditionally replicating shuttle phasmids (Jacobs et al 1987- 
Bardarov and Jacobs, 1999; Carriere et al., 1997), has been used successfully ' 
forM. tuberculosis (Glickman et al., 2000; Glickman et al., 2001; Raman et al., 
2001). Specifically, a transducing phage phAEKOl was constructed by inserting 
UFS and DFS into pJSC347, flanking a hygromycin cassette, to create pJH313. 
PJH313 was digested with Pad and ligated to phAE159, a temperature sensitive 
mycobacteriophage derived from TM4. The transduction was performed by 
growing M. tuberculosis to an O.D.^ of 0.8, washing twice with MP buffer, 
re-suspending into an equal volume of MP buffer and mixing with the 
transducing phage phAEKOl at an MOI of 10. The mixtures were incubated at 
37»C overnight, then plated on 7H10 plates supplemented with hygromycin at 
50 ug/ml. Hygromycin resistant colonies were analyzed by PCR and Southern 
hybridization, as described above, to confirm the deletion of RDl. 
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' Com P lemeta *>* analyses was perfonned using the integration proficient 
cosmids (Pascopella et al., 1994; Lee et al., 1991) pYUB412 made by S 
Bardarov, a library made by F. Bange, and cosmid identified and generously 
provided by S.T. Cole. 
Results 

Gg ii e^n g meerin g nfM mm n , !n , 

(region of difference) region has been defined as the specific 9454 bp of DNA 
that is present in virulent M. tuberculosis and M. bovis, but absent in BCG 
(Mahairas et al., 1996) . The annotation of RDl predicts that the deletion would 
disrupt 9 genes encoding ORF's (Id, Cole et al., 1998). Five of the 9 ORF's 
have no known functions (Rv3871, Rv3876, Rv3877, Rv3878 and Rv3879c) 
two genes encode members of the PE/PPE family (Rv3872/Rv3873), and two 
genes encode the secreted proteins CfplO (Berhet et al., 19 98) and Esat6 
(Andersen etal., 1991)(Rv3875) (Fig. 1). To test if the RDl region is essential 
for virulence inM. tuberculosis, it was necessary to 1) delete the RDl region 
from virulent M. tuberculosis strains, 2) demonstrate loss of virulence and 3) 
restore virulence by complementation with the RDl DNA. The RDl deletion 
(ARDI) was successfully introduced into M. tuberculosis by two different 
techniques, utilizing both a plasmid that allows two-step sequential 
recombination to make an unmarked deletion, and specialized transduction 
(Fig. la-c). For both methods, the same 1200 bp on each side of the RDl 
' deletion were cloned into the appropriate plasmid or phage vector and then 
introducedintoM tuberculosis H37Rv by transformation or phage infection. An 
unmarked RDl deletion mutant of M. tuberculosis HSTRv, mcH004 was 
constructed, purified, and has the advantage that additional mutations can be 
readilyaddedtoit. In addition, the RDl deletion was successfully engineered in 
the H37Rv and Erdman strains of M. tuberculosis using a specialized transducing 
Phage. Since TM4 phages have been shown to infect over 500 clinical M. 
tuberculosis isolates (Jacobs et al., 1987), it should be possible to introduce the 
RDl deletion into any M. tuberculosis isolate of interest. 
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M. tuberg, M , H ,7B r &HP1 h ^. nr-dtotoOsDsg. To ten if «he BP! 

Hs'rrr ^ attenuaangpheno,ype toM " 0Sis 

H37RV AHW C mc>4004) was introduced tato ^ 
possessing the SOD (severe combined tatn^^, mutatlon 
tennuce were injected intravenous* ^ ^ 2 , Wu 
orM. tuberculosis H37Rv ARD1 and three mice par group were sacrificed 24 
hours iater to verify the htoculation doses. AU of the SOD mice infected with 
the parenta. M. tuberculosis H37Rv strain died within !4 to 17 days post 
infection (Fig. 2a). in contrast, rhe SOD ndce mfected with the same dose of 

m7Rv «M «« <U alive at 35 days post-infecdon 
demonstradng a marked attenuation of me strain. To prove that the 
attenuation was due to the RDJ deletion, mcM004 was transformed with an 
integrating plasmid containing the RD1 region from M. tuberculosa HSTRv 
SCm mice injected intravenously with 2 x 10- of the reformed strain died 13 
» 6 da post-mfecdon (Fig. 2a ), th ereby , esmhfi^ that the genes in the 
delenon «»nptemented the attenuating phenotype 

mcXnT CharatteIi2e ae PhenOWe ° f *« **don 

m<?4004, we ^ rf M ^ 

to M. H37Rv ^ ^ ta 

followmg injections with 10-fold varying inocula. Groups of 10 mice were 
injected intravenously, each mouse receiving from 2xl0 3 to 2x10 s CFU Fig 2b 
shows that the SdD mice succumbed to the infection with all three ' 
mycobactena. strains. However, the JiCID mice succumbed to an M. tuberculosis 
H37Rv mtravenous infection within 2 to 5 weeks, in a dose dependent manner. 
In the same time frame, the SCID mice did not succumb to infection with M. 

2x10 CFU. Mme r^etvmg 2x10' CFU M Credos* H37Rv AUDI survived 
longer than 14 weeks post infection, tire survival rate of which coincided with 
the mace reaving 2xl0« CFU of M b 0v is BCG. Thus, these experiments 
established dratM. tuberculosis H37Rv AUDI was significantly mote attenuated 
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than its parent, but not as attenuated as BCG-Pasteur in the 
immunocompromised mice. 

Colonial morphotvpes of M tuberculosis H37Rv AUDI . The M. tubercuZosis 
H37Rv ARDJ mutant was generated independently three times from the single 
crossover construct (mc 2 4000) and upon subculturing, consistently yielded a 20 
to 50% mixture of two colonial morphotypes on Middlebrook medium without 
Tween 80 (Fig- 3a). One morphotype was a smooth (S) phenotype that was 
flat and corded (like the parental M. tuberculosis H37Rv strain) and the second 
was a rough and raised (R) phenotype. Repeated subodturing of either the R 
or S colonies continued to yield both colonial morphotypes, but with a 
distribution of approximately 80% smooth and 20% rough colonies. The 
distinction of these two types of morphology could be noted even when the 
colonies were less than two weeks old as the rough colonies were constricted 
and elevated with only a small portion of the base of the colony attached to the 
agar, while the smooth colonies tends to be flattened and spread out. When 
colonies grew olcler, e.g. 6 weeks old, the rough colonies remained more 
constricted compared to those of smooth colonies. The rough colonies exhibited 
large folds on the surface (Fig. 3f, g), as compared to those of the smooth 
colonies that exhibited small wrinkles (Fig. 3e). 

Interestingly, in 1929, Petroff et al. reported a similar property for an 
early-derived BCG strain (Petroff et al., 1929) and proposed that the 
attenuation phenotype of BCG was not stable. Calmette disputed that the 
avirulent phenotype reverted and postulated that Petroff et al. had acquired a 
contaminating virulent strain. Southern analysis of R and S colonies revealed 
each morphotype has the same KD1 -deleted genotype (Fig. 3d). Furthermore, 
complementation of M. tuberculosis H37Rv ARDJ with the RD1 region restored 
the mutant phenotype back to the homogenous parental S phenotype (Fig. 
3a-c). These results suggest that the variable morphotypes resulted directly 
from the RD1 deletion thus dissociating a direct correlation of virulence with 
morphotype. 
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The M fafeera/Zo^ H37Rv ARDI is highly attenuated in fan netent 

BALB/c mice . To further assess the pathogenicity, survival, growth kinetics, and 
the histopathological analysis of the M. tuberculosis H37Rv ARDI mutant, we 
compared the parental M. tuberculosis H37Rv to BCG-Pasteur strains in BALB/c 
mice. In survival studies, greater than 50% BALB/c mice had died at 14 weeks 
post i.v. infection with 2xl0 6 CFUs of M. tuberculoisis H37Rv strain (Fig. 4a). In 
contrast, all mice infected with a similar dose of either BCG or M. tuberculosis 
H37Rv ARDI survived for longer than 22 weeks. These results were 
substantiated in a separate experiment in which a group of 11 BALB/c mice 
were infected with 1X10 5 CFU of M. tuberculosis H37Rv ARDI and 9 of 11 mice 
(81%) survived greater than 9 months post-infection (data not shown). While 
BCG and M. tuberculosis H37Rv ARDI showed similar survival results, the 
growth relative kinetics in mouse organs differed substantially. BCG grew in a 
limited fashion in lungs, liver and spleen in BALB/c mice and was cleared to 
undetectable levels by week 12 (Fig. 4b-d). In contrast, the M. tuberculosis 
H37Rv ARDI strain grew in a fashion ^distinguishable from the parental M. 
tuberculosis H37Rv in all mouse organs for the first 8 weeks. Thereafter, mice 
infected with the parental M. tuberculosis failed to contain the infection leading 
to mortality. Strikingly, mice infected with the M. tuberculosis H37Rv ARDI 
showed a definite control over infection resulting in significantly prolonged 
survival of mice (Fig. 4b-d). 

The differing survival data of the three strains was clearly substantiated 
by histopathological analysis. M. tuberculosis H37Rv ARDI caused less severe 
organ damage in the lung, liver and spleen than the highly virulent parent strain 
M tuberculosis H37Rv. M bovis BCG was the least virulent of the three strains. 
Based on histopathological evaluation, the mortality in mice infected with the 
wild type M. tuberculosis H37Rv (documented above and in Fig. 4a) was caused 
by worsening pneumonia, hepatitis and splenitis (Fig. 5a-c). Mice examined at 
14 weeks post-infection had developed severe lobar granulomatous pneumonia. 
Acid fast staining demonstrated large numbers of M tuberculosis H37Rv, often 
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in clumps, throughout the lung. The livers and spleens showed a severe diffuse 
granulomatous inflammation. 

Histopathologic^ examination further demonstrated that M. tuberculosis 
H37Rv AUDI was attenuated in virulence compared to the parent strain M 
tuberculosis H37Rv (Fig. 5d-f). In contrast to the rapidly progressive infection 
with the parent strain M tuberculosis H37Rv, the lung lesions caused by M. 
tuberculosis H37Rv ARD1 were maximal in mice examined at 8 weeks 
post-infection. Consolidating granulomatous pneumonia involved an estimated 
25-300/c of the lung in these mice. Numerous organisms were demonstrated by 
acid fast staining. The pneumonia subsequently underwent partial resolution. 
By 14 weeks, and again at 22 weeks post-infecti Q n, the lungs showed 
" peribronchial and perivascular inflammatory cell accumulations and focal, 
generally non-confluent, granulomas now with a prominent lymphocytic ' 
infiltration. The numbers of acid fast organisms were reduced. Liver lesions 
consisted of low numbers of scattered granulomas. Spleens were smaller, with 
persistent granulomas in the red pulp. 

Mice infected with M. bovis BCG showed mild lesions in the lung, liver 
and spleen at all time points (Fig. 5g-i). At longer time intervals post-infection 
the lesions were fewer in number, smaller with prominent lymphocytic s 
infiltrations. At 14 weeks post-infection, M. bovis BCG was below the level of 
detection by acid fast staining, m summary, whereas M. tuberculosis H37Rv 
ARDI initially grew in a manner similar to the parental M tuberculosis H37Rv 
thisKDJ mutant was limited in the extent of spread of infection, particularly in 
the lung. This contrasted to the extensive and severe damage caused by the 
parent strain. The subsequent resolving granulomas, localization of the lesions 
and changes in the composition of the inflammatory cell infiltrations suggested 
that the mice mounted an effective immune response to combat M. tuberculosis 
H37Rv ARDI infection and thereby reduced the numbers of viable organisms 
M. tuberculosis H37Rv AFD7 prot rcts mice awt w aerosolized M mf-rmrm f 
challenge. To test the potential of M. tuberculosis H37Rv ARD1 to immunize 
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mice and protect against tuberculous challenge, we used the model of 
subcutaneous immunization followed by aerosol challenge with virulent M. 
tuberculosis. Our initial studies in C57BI/6 mice monitored the growth the M. 
tuberculosis H37Rv ARD1 strain over an 84-day period. Groups of mice (5 mice 
per group) were vaccinated subcutaneously (sc) either once or twice 6 weeks 
apart, with 10« CFU M. tuberculosis H37Rv ARD1 organisms. Additional mice 
were infected intravenously (iv) with the same dose of the RDl-deleted strain in 
order to examine the pathogenicity in C57BL/6 mice. 

As seen in Table 1, M. tuberculosis H37Rv ARD1 persisted in the lungs, 
liver, and spleen for 3 months at moderate levels of infection but the organisms 
failed to grow substantially in the lungs and spleens of mice that had been 
inoculated iv. In contrast, reduced persistence and decreased concentrations of 
M. tuberculosis H37Rv ARD1 organisms were detected in organ homogenates 
prepared from mice that had been vaccinated sc. For the groups of mice that 
had been immunized with only one dose sc., low levels of M. tuberculosis H37Rv 
AUDI bacilli were recovered from the spleen after 28 and 56 days 
post-vaccination; however, no splenic mycobacteria were detected 84 days after 
the sc. injection. Importantly, the concentration of M. tuberculosis H37Rv ARDJ 
organisms in the lungs after the sc. immunizations was below the threshold of 
detection « 100 CPUs per organ) for the CFU assay at nearly all time points 
during the three month study. 
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Three momhs after the sc. vaccinations with the ARM strain, groups of 
mice were challenged aerogenicaUy with a low dose (50 CFUs) ofan 
acri&vta-rosistantstnunofM. ^ercutosis Erdman. The use of a drug-resistant 
challenge sttain pennitted the difteremiadon of the challenge organisms from 
the sensitive vaccine population. As controls, other groups of mice were 
hnmunized sc. with 10« CFUs of BCG Pasteur. The protecuve rosponses induced 
by the M. miosis H37RV Ami vaccination were evaluated by assessing the 
relative growth of me acriflavin-resistant chaUenge onanisms in naive, BCG 
vaccinated, and M. tutercubsis H37Rv Ami bnmtmfced mice and by comparing 
the relative post-chaUenge !ung pathology in the experimental groups and me 
naive comrok. As seen in Table 2, the growth of the drug-rosistan, chaUenge 
organisms was substantially lower in the lungs of animals vaccinated with BCG 
ortheM tuberculosis H37Rv AliDJ vaccine. Sigrtficant roducdons in the iung 
CPU values in the vaccinated animals (relative to naive controls) could be 
detected both 28 and 56 days after the chaUenge. Dissemination to the spleen 
was also significantly limited in all of the vaccination groups with the most 
substantial difference, (-1.4 log,. CFUs compared to the naives) being detected 
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during the Bm month post-chaHenge. ^ ^ 

vacated ^ce, the rate of prohferadon of the acriflavin-resbtant chaltenge 
~aH the experhnental groups (BCGscorM tnoer^ HSTRv 2 , 
oradoses^wasnearlyidendcalandnotstansncaJIydifferent 
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Table 2. M. tuberculosis ARD1 and BCG protect C57BL/6 mice from areosol 
challenge with M. tuberculosis Erdman 





Lung (Log CFU) 


Spleen (Log CFU) 


Day 28 


Day 56 


Day 28 


Day 56 


! Naive 


4.77+0.06 


4.11±0.05 


3.57±0.21 


3.20+0.16 


BCG (IX) 


3.96±0.20 


3.80±0.08 


2.18+.0.18 


2.48+0.23 


ARD1 (IX) 


3.97±0.39 


3.71+0.06 


2.12±0.12 


2.60+0.25 


ARD1 (2X) 


3.96+0.15 


3.66±0.09 ! 


2.21+0.15 


2.22+0.16 



Immunizations were performed subcutaneously once (IX) or twice (2X) with 
2x10 CFUs of the vaccinating strains. Three months later, vaccinated animals 
were aerogenically challenged with 50 CFUs/mouse of acriflavin resistant M 
tuberculosis Erdman. The growth of the bacterial challenge was monitored 28 • 
and 56 days post infection by plating on Middlebrook 7H11 plates containing 
^Ool) 1111 aCriflaVin and Using procedures previously described (Delogu et al., - 

Discussion 

The M. tuberculosis H37Rv ARD1 mutant strain shares significant 
properties with BCG including: 1) a significant attenuation of virulence in mice, 
2) the ability to generate variable colonial morphotypes, and 3) the ability to 
protect mice against aerogenic tuberculosis challenge. These properties, and . 
the observation that RD1 is the only deletion common to all BCG substrains, 
makes it likely that the RD1 deletion is the primary attenuating mutation. It 
remains to be determined if a single gene or a number of genes in this region . 
causes the attenuated phenotype. The variable colonial morphotype switch 
does suggest that a protein regulating cell wall biogenesis is affected. Notably, 
denned mutations affecting the cyclopropanation of mycolic acids (Glickman et 
al., 2000) or the synthesis or export of phthiocerol dimycoseroate (Cox et al., 
1999) have been found to correlate with decreased virulence and altered colony 
morphotypes in M. tuberculosis and thus represent attractive candidate genes 
that might be regulated by an RD J -encoded gene. The M. tuberculosis ARD1 
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mutant provides a precise* defined background strain by which to determine 
virulence and colony morphology related genes. 

BCG is currently the only antituberculous vacdne avaUable fer me to 
humans. In many animal models, BCG has been shown to induce protective 

TZZTT" atn ** chanen8e COpie Freund - 1937 = « 

1 19921 BaMwm a 1998 > «" * addltton, has demonstrated protection 
agamst the most severe and fatal form of TB in children (Rodrigues « 3, 
1991). However, BCG has shown variable efficacy in protecting adults ^ 
pulmonarylB CTubercutasis Prevention Trial, 1980; Hart and Sutiterland, 1977- 
Bloom and Pine, 1994). Due to the uncertain efficacy of BCG, particular,, ta ' 
TB-endenuc counrties, the development of improved tuberculosis vaccines has 
become an international research priority. 

Our challenge studies have demonstrated that the protective immune 
responses elicited by tamurnsation with U. tuberculosis H37Rv ARD1 in mice 
are at least as strong as the protective response, induced by vaccination with 
BCG. TheM tuberculosis H37Rv ARD1 mutant also retains the BCG-associated 
property of Ihnited spread to the lung following subcutaneous immunisation 
Restricted dissemination of tire ARD1 mutant to the lung suggests it should have 
a favorable overall safety profile. Also, the urunarked mutant of M tuberculosis 
H37RV ARD1 provides a single deletion strain whereby other attenuating 
mutations can be readily engineered. Since the risk of reversion to wfid-type 
vtrulence deceases substantially with each additional attenuating mutation, M. 
tuberottosts mutants harboring deletions in two or three separate genetic loci 
should provide a much safer vaccine for long term use. 

M. tubercular mutants with RD1 deletions represent attractive 
omdidates as novel vaccines for TB prevention. These murants, derived from a 
smgle mutagenic even, from the parental M. tuberculosis strain; rephcate more 
efflaently in vivo than BCG, espedahy early in infection. This enhanced rate of 
prohferation for the RM -deleted strains, relative to BCG, may lead to the 
mduction of increased protective immunity in humans, after vaccination with M 
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tuberculosis H37Rv ARDJ . Moreover, they could also be more immunogenic as 
there exist at least 129 ORFs present in M. tuberculosis H37Rv that are absent 
from M. bovis (Behr et al., 1999). Since some of these ORFs are likely to 
encode regulatory proteins affecting the expression of other genes, there could 
be hundreds of antigens expressed in M. tuoercuZosis-infected cells that are 
absent from BCG-infected cells. Thus, RD1 deletion mutants constructed from 
human tubercle bacilli could protect humans against disease substantially better 
than BCG. 

Example 2. Vitamin auxotrophs of Mycobacterium tuberculosis are attenuated 

and protect against tuberculosis 
This example describes experimental methods and results that establish 
that deleting genes that control vitamin production in a virulent M. tuberculosis 
causes the M. tuberculosis to become avirulent and sustain an infection in 
mammals, and protect the mammal against challenge with a virulent M. 
tuberculosis. 

Given the importance of NAD and nicotinamide (vitamin B3) and 
pantothenate (vitamin B5) as cofactors involved in carbon utilization, energy 
transduction (Abiko, 197S; Jackowski, 1996) and the biosynthesis of the 
complex lipid cell wall of M. tuberculosis, we hypothesized that mutations in the 
biosynthetic pathways for NAD and pantothenate could lead to the generation 
of mutant strains that retain a limited ability to replicate and subsequently get 
cleared within the host tissues. InM. tuberculosis, the nadABC operon controls 
the de novo biosynthesis of NAD. Similarly, the panC and panD genes that are 
organized in an operon control the rate-limiting step in the de novo biosynthesis 
of pantothenate. We constructed deletion mutants of M. tuberculosis in the 
nadBC and panCD genes using specialized transduction, as described in Example 
1. The mutant strains mc 2 3122 (bnadBC) and mc^OO! (ApanCD) were 
auxotrophic for nicotinamide and pantothenate respectively. The in vitro 
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ymrecoon of immune-compromised SCIDnUce son ■ 
tnfected with wild-rype M. tM4omtosis md ^ An ^ ™ * ^ W 

tafecdon in about 5 weeks fdata no, h , succumbed to 

in the absence of T J^^T ™' ~* — 

Srowth of the ZSrZ^ ta ^ maCK>PhaSeS t0 ~ 

uraraoc mutant. In contrast all mice infected vmt. a . 

mutant survived longer than 30 weeks demons « T ^ 0nC£> 
this mutant strain. The full vi^T * "™" atteiWa,i ° n of 

»«d type alleles we"^ T T"^ ^ ^ ^ ^ 

— cop,, ^rSTJ^TT of *" 4pmCD mu,ant ta 

^uiremen, of pautothem.te for gro^T" d" T *° ** * ** 

mutation on downstream genes ,7 " P * r *** ° f 

«m genes. i>ciD mice infected with th«=> cat™ ^ 
conventional nrr n me sa *ne dose of 

bacterial burdens in SCm m.,* ■ * ! } ' Enumerati <>n of 

chromosome) showed a rapid increase in bacterial LbeT T 
^beferethe.succumbedtomfectio, 

ApanCD mutant showed an i«?Hoi a • , directed with 

time all mice were stiJl aUve (Fig. 6B) ^ 3t WMch 

sought tot^rzr 1115 ™° n — ■ - 

^onbvda y25 wi*aM^:;T^r AH3 " V ~ dt0 
^complemented strain were ^ *" 

3-8 weeks post-mfecrion J££!£T ^ 

™uar to the wild type strain, with a MST of 28 davs 
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ta comrast, an mice infected with 4panCD mutam for ^ ^ 

demonstranng the Mvere attenuatjon ^ ^ 

competent mtce (Fig. 7A). Interest hacterhd enumeradon at three weeks 
post infection showed Host increase in rt,. a„ ^ . 
by a state of n. • 8 m the A P anCD -^ers In lungs foUowed 

by a s«te of persistence with the onset of adaptive immune response. This 

a vL of an effective Uve attenuated vaccine strain is its 

wLTT! Pr ° tealVe ^ WWta,W 19 ' 9: MCK — • "OO; Kanai, 
1955). The Apano, mutant exhibits this characteristic in the lung, which is the 
prunary she of infection in humans and does not get deared over proved 
P-d „ an the three orgar*. The earlier autotrophs of M tuhercuL fid to 
Srowin anyof the organs andhence failed to adequatdy protect against 
oxpemnental chaJlenge in guinea pigs (Jackson, 1999), or mice 

The ability ofthe „ mutam to exhibit limited growth m the lung 
urnd the onset of adapdve immune re Sponse suggests ^ m ^ 
putattve parttothenate permease is able ro tmnsport this nutrient into resting 
macrophages, as in the SOD mice. A sodium-dependent pantothenate 
permease actively trartsports pantothenate into the eel, of Schema cott ■ 

«T ^ 1985: Jackow5ki md ^ i99o) - 

CM*, and Knk, 2001, and mammais. Sub^en, activation rf ' 
^^supp^ofth,^^^ ^« 

growth attest of the mutant. Pantothenic acid or its derivanves have been 
reported to confer resistance to radiation and oxidative stress by vhtue of theh 
^^^^^andaisohy^^^J^^ 

^^aprecut.orofgiumtMonefS.yshenkov, 1995) . Pantothenate 
tease Cfm*, mmsma of DrosophUa ^ 

27 tT r SiS ^ t0 dCCreaSed W °« ^Jet I, 

^001). The disruption of de novo pantothenate hi™™**,, • 

^ uienare Biosynthesis causes an increased 
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•WOqr of the LpanCD mutant to react,™ o*yge» ^ 
tntermediates that ate released within activated macrophages 

Having observed the AnadBC mutant to be non-attenuated in SCID mice 
we chose to study the in Wvo growdr Kinetics of this mutant in the more ' 
reststanr C57BU6 mice background During ^ ^ ^ w ^ 
the number o, wild type and mutant bacteria recovered from aU three org™ 
showed ^difference. The,, numbers graduaHy mcreased in 

I* However, wimtheonsetofadaptlveimmuneresponseatthree 
w«fe, when the grow* „ f M ta ^ llmgs „ ^ ^ 

be^me constant and dghriy controUed, bacteria- ,oad in the hmgs or mice 
mfea:ed wnh AnodBCmutam showed a constant tendency for clearance to 
reach more than 1.S ,og drop m the bacterial numbers compared to mice . 
-ted wtth wild type strain (Fig. 8A) . rMs difference was preserved up to 24 
weeks following infection. P 

The reduced ability of the AnodBC mutant to sustain an infection was 

(F* 8C). Whde aJl mice infeaed with the wi.d type strain succumbed to 
mfemon between day 90 ^ 179 ^ nfi ^ ^ ^ 

^mutant Cn= l2) remain ahve for a period of more thanSmonths (Pig. 

Our observation of the attenuation phenorype of AnodBC mutant became 
obvtous on,y after the onset of immune response, suggesting that once rite 
manges ^become activated, ritey restrict rite amount of avaUab.e NAD or 
NAD tntermedrates causing a restricted growth of the mutant strain. This would 

of antunrcrob,a, hmcrion of the macrophages could be attributed to rite mL ' 
promoted enhanced egression of indolamine 2-oxygenase ODO), the indudL 

deplenon o, L-tryptophan pool. The enhanced catabonsm of I-tryp,ophan iL 
to tncreased de novo biosynthesis o, NAD needed to protect theTus IZT 
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^CntntantcouUhee^nedwnhthe e^of^lL 
m ~ attS ™*hin the activated .nacrophages 

Having established the saf«y and persist of and MadBCto 

u^unocontpetentnnce, the protect efficacy of these mutants were 

^ " ^ " W " h ° f *-"- * * the oJT 

- : - r ^-:irc=:rs:tha 

*e sp.een and tang (p<0.05, ta cc.npat.son to untannunized coJ^lL 
dose, of « dispiayed a stadsticaiiy secant redocl £ 

«s cma spieen to 3.3 log units and 4.7 loj? units 
respect (p <0 .o U . M ce hnntutuzed with one ot two doses of 21 
mntant conferred stadsdcaUy significant protection fp<0 01 in 
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Experimental Gmnp 


A 

. , Lung CFUs (1ng ln ) 


gy 1 


Naive 
AnadBC (1 x sc) 
AnadBC(2xsc) 
BCG (1 x sc) 


4.05 ± 0.21 
3.37 ± 0.40 ** 
3.6 ± 0.35 ** 


s P^een CFTj s flo ?1n i 

3-94 ±0.21 _ 
<2 ** 
<2 ** 
<2 ** 


experimental Grnup 


B 

Lj i u^us_aog inI _ 




Naive 
ApanCD (1 x sc) 
ApanCD (2 x sc) 


5.56 ± 0.05 
4.99 ±0.17 (-0.57) * 
4;55 ± 0.09 (-1.01) 


Spleen CFUs flnp^ 

4.35 ± 0.21 
3.65 ± 0.15 (-0.70)* 
3.73 ± 0.21 (-0.62)* 


BCG (1 x sc) 1 


4.71 ± 0.21 (-0.85) 


3-35 ± 0.20 (-1.00)** 



Table 3 T « * " P< ° 01 » «— . 

Jf 6 ^^"^ Groups of C5 P 7BI/6 

(6 weeks apart) with 10* CFUs of mSant ISSI r ^ either °*<* or twice 
subcutaneously with 10° CFUs of BCaSS^h^ 01 WCre vaccinated 
immunization with either AnadBC Sffi m !^ m ° nths *e initial 
aerogenically challenged with appr^te^lOO ?2 ^ were 
tt/ftercuZosis Erdman (AcTVlTB) strain^! ? CFUs of a ^avin-resistant M 
28 days, the challenged mice w^aSfT^ 6arlier < Collins > 1985) Afte/" 
individual mice were%em^d uSSS^T *" ^ «* ***** 
of Tween 80-saline using a S«S3SSS 80 h^^f Paratel y ta 5 ^ 
2J- T he ho ™genates were dUutedSv^n t "^Cretan; Cincinnati, 
Middlebrook 7H11 agar with or ^SSS^T" °i *** "« pIated on 
Samples from the BCG-vaccmated contmff P P f 6 su PP len *ents as required, 
containing 2 mg of thiopheSboX«H^ plat:ed ° n mu ^ 
Louis, MO) per ml to i^b^^Zfr^T^^ Co., St 

evaluated using the one-way^WOVA ^ 11x6 CFU re ^ts wire 
The numbers in paranthes/represent Sff f G ^ ph Pad InStat P™**^ 
vaccinated organ CFUs. represem differences between naive and 

In order to test the ability of the an™*™ u- 

>-»*«. ^ th e « mi Z t s! ™ TT subcutaneous 

<- mutant. See Table 4. Mice immunized with 
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^d, p ay e dsignmcantIyreduced numbeK Qf ^ ^ 

seen in theBCG vaconated mice. The resets suggest that the A na dBC vaccine 
"nun . ahie to percist within the mouse organs sufficient* long to mount a 
long lasting immunity to control subsequent infection. 
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Table 4. 



Lung CFTTg ( Int 
4.61 ± 0.07 
4.00 ± 0.13* 
3.28 ± 0.15** 
2.95 ± 0.14** 
4.05 ± 0.12* 
3.94 ± 0.13* 



Spleen CFT.c 
4.07 ± 0.20 
2 

<2 
<2 
<2 
<2 



Jerimental Grotif 
Naive 
BCG 
NAD(lxiv) 
NAD (2 x iv) 
NAD (1 x sc) 
NAD(2xsc) 

Table 4 P T <0 05; " P<0 - 01 ^ D " M ^ C ° m ~ TesT 

vaccinated subcutaneous* or intra^nouslv^ r miCe CS "** per wer * 
with 10° CPUs of AnadBC mutant co^f^ ° r (6 weeks a P*t) 

spontaneously with ^CFUs^fBCcT^eT ZT ™ Cdnated 
immunization with either AnadBC SSSSc^T ^ ^ 

challenged with approximately 50 SEirfSSS "J** Were aero ^nicaUy 
Erdman CAc«MTB) strain and Ae L^Sj? „ ^ aVm_iesistam M ^rcaZosis 
enumerated as described to TaMe 1 615 * 28 days P°" ^enge 

To the best of our knowledge this is rt,-<w 

auxotrophic vaccines admini^ T 7 ^ ° f ^o.Zosts 

P vaccmes admuustered subcutaneously to confer protection 
comparable to the conventional BCG vaccine strain in » 
infection. Mice vaccinated with rt. a strain m a mouse model of 

c vaccmated with the ApanCD and AnadBC <n.r«n\,o,i * 

3. A pantothenate amotroph of oamaa ^ 

^^-Op^ects^ceagatasttube^ulosis. 
Tins Example is published a, Sambandamurthy « al 2002 
Example summary. yetai.,2002. 

the ad ven« of HIVand the widespread emergence of drug resistar* 
"~ ° f tO"**""*™ miosis, newer control strategies in thellT 
better vaccine could decrease the »l n h,i • f a 

imnted festoon m order to produce important protective antigens 
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in vivo (Kanai and Yanagisawa, 1955; McKenney et al., 1999). Rationally 
attenuated M. tuberculosis vaccine candidates have been constructed by deleting 
genes required for growth in mice (Jackson et al., 1999; Hondalus et al., 2000- 
Smith et al., 2001). These candidate vaccines failed to elicit adequate 
protective immunity in animal models, due to their inability to persist 
sufficiently long within the host tissues. Here we report that an auxotrophic 
mutant of M. tuberculosis defective in the de novo biosynthesis of pantothenic 
acid (vitamin B5) is highly attenuated in immunocompromised SCID mice and 
in immunocompetent BALB/c mice. SCID mice infected with the pantothenate 
auxotroph survived significantly longer than mice infected with either BCG 
vaccine or virulent M. tuberculosis (250 days, vs. 77 days, vs. 35 days) 
Subcutaneous immunization with this auxotroph conferred protection in 
C57BI/6J mice against an aerosol challenge with virulent M. tuberculosis which 
was comparable to that afforded by BCG vaccination. Our findings highlight the 
importance of de novo pantothenate biosynthesis in limiting the intracellular 
survival and pathogenesis of M. tuberculosis without reducing its 
immunogenicity in vaccinated mice. 
Materials and Methods. 

Media and ^ins M . tuberculosis H37Rv, M. tuberculosis Erdman and M. bovis 
BCG Pasteur were obtained from the Trudeau Culture Collection (Saranac Lake 
m> and cultured in Middlebrook 7H9 broth and 7H11 agar supplemented with' 
10% OADC, 0.5% glycerol, and 0.05% TWeen 80. When required, pantothenate 
(24 ^g/ml), hygtomycin (50 ..g/ml) orkanamycin (25 ng/ml) was added 
Stock strains were grown in Middlebrook 7H9 broth in toller bottles and 
• harvested in nud-logarithmic growth phase, before being stored in 1 ml vials a. - 
70 9 C until required. 

Disruption ofpanen^ in M tr i bejrulogis. Specialized transduction was 
employed to disrupt the chromosomal copy of the panCD genes as described 
(U.S. Patent 6,271,034). Briefly, the 823 bp region upstream to the panC gene 
was amplified using primers Pan! (5 '-GTGCAGCGCCATCTCTCA-3') and Pan2 



226471.1 



-50- 



(S'-GTTCACCGGGATGGAACG-3') . A 716 bp region downstream to ^ panD 
gene was amplified using prtaers Pans (5-CCCGGCTCGGTGTGGGAT-3') and 

Pan4 C5'-GCGCGGTATGCCCGGTAG-3') Pm ™™r,. . 

T „„„ , . , pcr products were cloned with the 

TOPO TA clorrrng Wt (Invitrogen, CA), and sequenced. PCR products were 
subsequently cloned into pJSC347, flanJdng a hygromycta cassette to create 
pSKVl. Pad digested pSKVl was ligated into the temperature-sensitive 
mycobacteria phAE159 derived from TM4 and transduced as described 
earner (Glictanan et al., 2000; Raman et al., 2001). Genomic DNAs from 
hygremycin-resistarrt and pantodrenate-requiring cofonies were digested with 
BssHn, and probed with a 716 bp downstream region, flanWlls ^ M 
tuberculosis pond, operon to confirm the deletion. For complementation the 

— by PCR from genomic DNA with its 

putative promoter, cloned with TA pinning w „ 

n=uwitni a cloning kit, sequenced, and subcloned into 

P MV306kan, a site-specific integrating mycobacterial vector 
^MUofe^ CS7BV6, BAIB/C and BAIB/c SCm mice (6-8 weeks old) 
were purchased from Jackson Laboratories and were infected intravenously 
through the iateral tall vein. For time-to-death assays, BALB/c SCID mice were 
mfectedintravenouslywithlxWCFUofM tuberculosis H37Rv, 1x10* CPU of 
ponCD-comptemented strata, lxl0> CPU of ApanCD mutant, or 1x10* CPU of 
BCG - P - For mou " «■» CPU assays, BALB/cJ mice were infected 
with lx,0» CPU ofM Miosis H37RV or AepuuCD-compiemented s^ain or 
the ApunCD mutant. At appropriate time points, groups of 4-5 mice were 
sacnficed and the selected organs were homogenized separately in PBS/0 05% 
Tween 80, and colonies were enumerated on 7H11 plates grown a, 37- C for 
3-4 weeks (see McKinney e, a.., 2000). Pathological examination was " " 
performed on tissues fixed in 10% buffered fotmalin. The CPU results were 
evaluated .using the one-way ANOVA analysis of the Graph Pad InStat program 
AU annuals were maintained in accordance with protocols approved by the 
Albert Einstein College of Medicine institutional Animal Care and Use ' 
Committee. 
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5 * 4£St «^ ^ .nice (S mice per w) were 

— i subcutaneous,, either 0IK e or twice (6 weeks apl) 1, lxl „ CTU 

with *h * / m ° ntlK ^ * e WUal tomunization 

-her Ute «> mmam m BCG, the mice were aerogenicaily 

7 s sp,eens ofindividual — were «— - w 

and homered separate* ta S ^ of ^ 8( , sa]ine ^ 
Stoanaeher 80 Wander CTehmar, Oncumat,, Ohio,, ^e homogenaTle 

or wtthout appropriate supp.en.en* as required. Satnp.es front the 
BCG-vaccmated consols were p,ated on mil agar containmg 2 mg/mj of 

thiophene.2-carboxyUcacldhydra z idera ma w • s * m8/nUo ' 
BCG . an J"ttaade (Sigma) to nuubit growth of any residual 

Results and Discussion. 

"P'^^^andmetabohsnthavebeenshowntop^apivotal 

« al 20 01 MciOtmey et ah, 2000). Wore, we sought to gtabauy tapair 
the abdity of this bactelum to Resize lipid, Pantothenic aid (viLZ B s, 
«- essentia, ntolecule tequired for the synthesis of coenzyme A (c" ' 

fa^y actd metabohsm, the McaAoxylic acid cycle, biosynthesis of polykeBdes 
^towsfa 1996 , BacteHa.p.antsandhutgisynthesizepanto.tenatehom 

oivea in the de novo biosynthesis of pantothenate 
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H r m " ^ fOUnd 10 " e ™P"c for pantos 
wfch no detectable reversion to prototrophy „ hen lxl0 „ ^ W J "* 

H37RV »b ro th cuhures In the presence of exogenous pantothenate C da« no, 
shown). Tie attenuation of the W mutant was assessed by htfLoU 
unmunocompromised SOD mice srm mi „- * , /"uecuonor 
„,_, v M - SODnuce infected intravenously with 

HSTRvsuccumbedtotherasuJttaginfecdoninaboutSweeks. mclrast all 
nuce infected with the Apana > mutant survived for more that, 36 17' 
(average, 2S3 days) mG . 10a ). This attenuation is due to pantothenic 

typ genes were migrated into the chromosome of the ApanCO mutant m 

H37Ry *,d the AponCD-complemented strain showed a rapid increase in 
ha«ena) numbers in the sp,een, Uver and htng, unti. they succumbed to 
mfecnon. In contrast, mice infected with the ApunO, mutant showed an inida. 
^ ut bacteria, numbers in the spieen and over followed by a gradual" 

day 224 (FTC. lob). Notably, ^ CPU values increased to W m ^ lun i ^ . 
the mfected .nice. Tne abihry of „-i»fected SC1D mice to survive d3e 
a substanua, bacteria) burden i„ rheir ,ungs emphasizes the e M en, of 
a—on in ^ mutant and compares with the phenorype observed with the 
M tu^culos. whiB3 and mutants described recendy (Steyn et a) 20oT 

Pasteur (BCG-P) stram succumbed „ by ^ 

- comrast to the pro,o„ged surviva, observed in .punched mi« ' 

Studies in immunocompetent mice fmther demonstrate the attenuation 
ofd.W Survivaisuraes showed that B^cmicemferi 

H37Rvsuccumb^ reinfection by day 25 (average, 21 days) and mice Infect 

^^ d0Se0f ^---PWed S ttamLumrr t0 
ffifeCa ° n betWCen ^ 21 te 53 C-rag=. 37 days), hnporrandy, ah mice 
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■nfeaed wnb W CFU of the AponCD mutant survived 375 days, when the 

I"' ^ tem,inated CF,G ' 10C) - At 3 We * I- in conttnst t „ 

the H37Rv strain, BALB/c mice infected with „ tnutant showed a 10-fo.d 
mcrease n, bacteria, numbe. to the tongs Mowed b y a gradual dechne in 
vabie nunthers over the next 38 wee* of infection (FIG. ,0d) and the bacterial 
bmden gradual decnned in the spieen and hver throughout the cou^e „T 
ntfecnon (no. a0e) . Histopathologic examination of the tongs front tnice 
mfected with either H37Rv or the AponCD-compIemented strain, showed 

™2 A '; baIgranUl ~ * (FIG. Ua,b). The pneumonia 

affected more than 50% of the iung, and was pyog^nufomatous with marked 
neap m the advanced consoUdated a.as, particuIarIy to ^ luflgs „ ^ 

wth the Apana> mutant, iow to modetnte number of foca. touted of 

spleen was moderately enlaced with scattered gtunuiomas. Similarly thehver 

showed numerous focal granulomas. At 24 weeks post infect,™ 

wit* t-Vi/a v. - s weexs post-infection, consistent 

^ TT nUmbeK ' hb,0l ° 8iCal — ° f * e *» nuce 
■nf cted wtth the AponCD mutant showed only ^ ^ 

"nfihrations, predominately lymphocytic (FIG. lld). The spleen showed only 

nuld tosriocyric hype^Iasia and there were fewer, focal, ptedomlnately 

lymphocydc accumulations in the liver. 

The mechanisms that allow the penitence of the AponCD mutont 

bacterta for over 8 months to the SOD mouse mode, remain undear We 
speculate the foncriona. ro .e of an unidentified pennease to ttansporitog 
adequate amount of pantothenate to the AponCD mutant that aUows its 
P-.tence but not the abUiiy to cause disease. A pantothenate permease that 
-nspom pan tot he„ at e have been described to P tem odto m yh,cip amm ^ 
™,a coil CSallba and Kirk, 2001; .ackowski and AUx, 1990). ,» Ae ^ 
o, immunocompetent mice, an totoal growth of the AponCD tnutont duringZ 
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flrst 3 weeks is Mowed by a steady decline in bacterial numbers Mowing the 
onset of an adaprive immune response. Tie intraceuular lifestyle of M 
tuteraUosis poses significant challenges to the bacterium in acquiring essential 
nutrients. Pantothenic add or its derivative* have been shown to confer 
resistance to oxidative strcs (Slyshenkov et al., 1996) and lack of pantothenate 
mosyntheais in the ApanCD mutant may render it more susceptible to such 
adverse effects. Ukew.se, a pantothenate kinase (pan*) mutant of Dm s 0p Ma 
was shown to display membrane defect and improper mitosis and meiosis due 
to decreased phospholipid biosynthesis CAfeharetal., 2001). Therefore it is 
Plausibie that *e pantothenate salvage pathway is inadequate in restoring fidl 
vuulence of the IpanCD mutant in the absence of afunctional de novo 
biosynthetic pathway* 

As a test of vaccine potential, immunized mice wete challenged with 

virmentMtubercu teis Erdmanbytheaerosolro OT eCConms, 1 9 85 ). Foliowing 
subcutaneous immunizadon, the ApanCD mutant couid not be detected to the 
^eens or iungs of mice at 8 am, 12 weeks. In the nalve c„„tro,s, the bacteria. 
CFU values mcreased 10,000-fold in the lung during the first month after 
challenge. Similarly, substantial disseminadon ami growth in the spleen was 
detected within one momh of the challenge to naive controls, to contrast mice 
unmumzed with single or double doses of the ApanCD mutant displayed ' 
statistically sigtdficant reductions CP < 0.05) in hmg and spieen CFU values 
relative to naive comrols. Mice vaccinated with BCG showed similar reduction 
m organ bacterial burdens compared to the nonimmunized controk (FIG 
lle,f). In these aerogenic chailenge studies, no significant differences were 
detected in the lung and spleen CFU values for mice vaccinated with either the 
» mutant strata or with BCG. At 28 days after the aetngenic challenge 
wnhvirulentM inberodosis, histopathologic^ examination of lungs of AponO, 
unmunized mice revealed a less severe infection relative to the unvaccinated 
control mice. In controls, severe bronchitis, moderate pneumonia, and spread 
of the mfectlon to the adjacent lung parenchyma was observed. By comparison 
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the tpanCD vaccinated mice had mUder bronchitis and smaUer areas of mild 
mterstitial pneumonitis, with localized areas of granulomatous pneumonia in 
some mice Importantly, no ,ung pathology was detected in vaccinated mice at 
the tune of challenge (data not shown). Two groups of mice that were 
vaccinated with one or two doses of the Ap„ n a, mutant and then changed 
wrth M. tuberculosis Erdman were acdve and healthy , or raore ^ one 
following the virulent challenge. Histopathological analysis of tog sections 
tarn these mice showed onlymild mnammation and fibrosis despite the chrome 
infection. 

By creating a M. tuberculosis strain that is defective in pantothenate 
bmsynthesis, we have taken a cridcal step in the radonal development of an 
attenuated** tuberculosis vaccine strain. We have shown that a (uncdonal 
pantothenate biosymhettc pathway, which is required for the synthesis of 
comple, : mycobacteria, Upids, is essential for the virulence of M. tuberculosis. 
Although the precise mechanism of the reduced virulence is unclear „ is 
reasonable to speculate that tins could be due to reduced synthesis of toxic 
poWtetides and secreted lipids or a genera, s,ow down o, metaboHsm. Tuberde 
baenh lackmg the two genes required to synthesize pantothenate railed to revert 
and were higMy attenuated and less virulent than BCG vaccine when tested in 
the ngorous SC ,D mouse model of infection. Despite the reduced virulence 
associated with the deletion of the panCD genes, these vitamin auxotrophs 
remain persistent in Wo as shown by their ability to survive for at least eight 
months in immunocompetent mice. The petsistence of this mutant strain 
undoubtedly contributes to the substantial immunogemcity seen in the mouse 
tuberculous challenge model. Overall, the ApanCD mutant has many of the 
characteristics necessary for a live vaccine candidate strain: it is attenuated by a 
non-reverting mutation and essentially avirulent whi.e being persistent and 
unmunogenic Given the genetic differences between M bovis and M 
^rculosu (Behret ai., 1999) , onewould ^ ^ , ratlonalIy 

strai » would have amore re.evant repertoire of species-speciflc 
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antigens and thus should elicit, in humans, more effective protective immune 
responses against tuberculous infections than BCG. 

Example 4. The primary mechanism of attenuation of BCG is a loss of 
invasiveness due to host cell lysis. 

Example Summary. 

Tuberculosis remains a leading cause of death worldwide, despite the 
availability of effective chemotherapy and a vaccine. BCG, the tuberculosis 
vaccine, is an attenuated mutant of M. bovis that was isolated following serial 
subcultivations, yet the basis for this attenuation has never been elucidated A 
single region (RD1), deleted in all BCG subsi^ins, was deleted from virulent M 
bovis and M. tuberculosis strains and the resulting three ARD1 mutants were 
significantly attenuated for virulence in both immunocompromised and 
immunocompetent mice. like BCG, M. tuberculosis ARD1 mutants protect mice 
against aerosolized M tuberculosis challenge and these mutants also consistently 
display altered colonial morphotypes. Interestingly, the ARD1 mutants failed to 
cause necrosis, via lysis, of pneumocytes, a phenotype that had been previously 
used to distinguish virulent M tuberculosis from BCG. We conclude that the 
primary attenuating mechanism of BCG is the loss of cytolytic activity, resulting 
in reduced invasiveness. 
Introduction. 

BCG (bacille Calmette and Guerin), was first isolated from M. bovis 
following serial subculturing of M bovis in 1908 (Calmette and Guerin, 1909). 
Drs. Calmette and Guerin set out to test the hypothesis that a bovine tubercle 
bacillus could transmit pulmonary tuberculosis following oral administration 
(Calmette and Guerin, 1905; Gheorghiu, 1996) and developed a medium 
containing beef bile that enabled the preparation of fine homogenous baciUary 
suspensions. After the 39th passage, the strain was found to be unable to kill 
experimental animals (Calmette and Guerin, 1909). Between 1908 and 1921 
the strain showed no reversion to virulence after 230 passages on bile potato ' 
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medium (Gheorghiu, 1996), which is consistent with the attenuating mutation 
bemg a deletion mutation. In the animal studies that followed, BCG was shown 
to be attenuated, but it also protected animals receiving a lethal challenge of 
virulent tubercle bacilli (Calmette and Guerta, 1920). BCG was first used as a 
vaccine against tuberculosis in a child In 1921 (Weffl-HaUe and Turpin 1925) 
From 1921 to 1927, BCG was shown to have protective efficacy against TB in a 
study on children (id.; Calmette and Plotz, 1929) and was adopted by the 
League of Nadons in 1928 for wtaespread use in the prevention of tuberculosis 
By the 1950*, after a series of clinical trials, the WHO was encouraging 
widespread use of BCG vaccine throughout the world (Fine and Rodrigues 
1990). Although an estimated 3 billion doses have been used to vacctaate'the 
human population against tuberculosis; the mechanism that causes BCG's 
attenuation remains unknown. 

MahaJtas e, al.(1996) first compared the genomic sequences of BCG and 
M bovis using subtractive hybridization and found that there were three 
Regions of Difference (designated RD1, RD2, and RD3) present to the genome 
of M. bovis, but missing to BCG. Behr et al. (Behr et al., 1999) and others 
(Gordon er al., 2001) larer identified 16 large deletions, includmgRDJ to RD3 
present in the BCG genome but absent in M. tuberculosis. Eleven of these 16 '. 
deletions were unique to Af. bovis, while the remaining 5 deletions were unique 
to BCG. One of these 5 deletions, designated RD1 (9454 bp), was absent from 
all of tire BCG substrains currendy used as TB vaccines worldwide and it was 
concluded that tine deletion of RD1 appeared to have occurred very early during 
the development of BCG, probably prior to 1921 (Behr e, al., 1999) It is 
reasonable to hypothesize that SDJ was the primary attenuating mutation first 
elated by Cahnette and Guerta to generate BCG from M. iovis. Attempts to 
restore virulence ,o BCG with RDl-complementing clones have been 
unsuccessful (Mahairas et al., 1996). 
Results. 

XPl deletions of M boyts and M ft^rr,,^ arearren..^ ^ fa 
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immunocompromisPd mire To test ifRDl is essential for virulence inM bovis 
and M tuberculosis, it was necessary to delete the RD1 (FIG. la) from virulent 
strains, demonstrate loss of virulence, and then restore virulence by 
complementation with the RD1 DNA. Since the original M. bovis parent of BCG 
was lost in World War I (Grange et al., 1983), we initiated studies with virulent 
M. bovis Ravenel and a variety of virulent M. tuberculosis grains. Despite 
success in generating an unmarked deletion mutant of RD1 in M. tuberculosis 
with a plasmid transformation system 1 - 2 , over 100 independent transformations 
failed to yield an RD1 deletion in M. bovis. As an alternative strategy, 
specialized transduction (Bardarov et al., 2002) 3 was successfully used to 
generate RD1 deletion mutants not only in M bovis Ravenel, but also the 
H37Rv, Erdman, and CDC1551 strains of M. tuberculosis (FIG. 12). This 
deletion represents the largest deletion mutation generated by a targeted 
disruption in M. tuberculosis or M. bovis made to date and demonstrates the 
utility of the specialized transduction system. Moreover, since the parental 
specialized transducing phage has been shown to infect over 500 clinical M. 
tuberculosis isolates (Jacobs et al., 1987), it should be possible to introduce the 
RD1 deletion into any M. tuberculosis or M. bovis isolate of interest. 

To determine if the RD1 deletion causes an attenuating phenotype in M. 
bovis and M. tuberculosis, the M. tuberculosis H37Rv ARD1 was inoculated 
intravenously into immunocompromised mice possessing the SCID (severe 
combined immunodeficiency) mutation. Groups of ten mice were injected 
intravenously with either 2 x 10« wild type or ARD1 strain of M tuberculosis and 
M. bovis, and three mice per group were sacrificed 24 hours later to verify the 
inoculation doses. All of the SCID mice infected with the parental M. 
tuberculosis or M bovis strain died within 14 to 16 days post-infection (FIG. 
12A). In contrast, the SCID mice infected with equal doses of the ARDJ strains 
of M. tuberculosis or M. bovis were all alive at 25 to 41 days post-infection, 
demonstrating a highly significant attenuation of the virulence of both strains. 
It is important to note that BCG-Pasteur kills SCID mice approximately 70 days 



226471.1 



-59- 

post-infection (FIG. 13B), suggesting that BCG substrains have acquired 
additional attenuating mutations which are consistent with the deletion analysis 
of BCG strains (Behr et al., 1999) and the previous failures to restore virulence 
with the RD1 region (Mahairas et al., 1996). 

To prove that the attenuation of virulence was due to the RD1 deletion, 
the M. tuberculosis ARD1 was transformed with an integrating cosmid, 2F9, 
containing the RD1 region from M. tuberculosis H37RV. SCID mice were 
infected as described above and the attenuation for virulence was restored to 
the parental virulent phenotype (FIG. 13B). These results strongly suggest that 
the genes deleted from the RD1 region contribute to the virulence phenotype. 
The M. tuberculosis ARPJ is highly a ttenuated in immunocompetent BAT.Tyr 
mice. The virulence of the M. tuberculosis AUDI mutant was further assessed by 
intravenous inoculation of immunocompetent BALB/c mice. While the virulent 
parent M. tuberculosis strain killed the BALB/c mice in 10 to 17 weeks 
post-infections, 100% of mice were alive at 48 weeks and 43 weeks 
post-infections in two independent experiments (FIG. 13C). 

While infection with BCG and M. tuberculosis ARD1 yielded similar 
survival results in BALB/c mice, there were substantial differences in the growth 
kinetics in mice. BCG grew in a limited fashion in lungs, liver and spleen in 
BALB/c mice during the 22 weeks of the experiment (FIG. 4B-D). In contrast, 
the M. tuberculosis ARD1 strain grew in a fashion indistinguishable from the 
parental M. tuberculosis H37Rv in all mouse organs for the first 8 weeks. 
Thereafter, mice infected with the parental M. tuberculosis failed to contain the 
infection leading to mortality. Strikingly, mice infected with the M. tuberculosis 
ARD1 showed a definite control over, infection resulting in significantly 
prolonged survival of mice (FIG. 4B-D). 

Histopathological examination further demonstrated that the mutant was 
attenuated in virulence compared to the parent strain H37Rv (FIG. 5D-F). In 
contrast to the rapidly progressive infection with the parent strain, the lung 
lesions caused by the mutant were maximal in mice examined at 8 weeks 
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post-infection. ConsoUdating granulomatous pneumonia involved an estimated 
25-300/0 of the lung in these mice. Numerous organisms were demonstrated by 
aad fast staining. The pneumonia subsequently underwent partial resolution 
By 14 weeks, and again, at 22 weeks post-infection, the lungs showed 
peribronchial and perivascular inflammatory cell accumulations and focal 
generally non-confluent, granulomas now with a prominent lymphocytes ' 
infiltration. The numbers of acid fast bacilli were reduced. Li ver i^ons 
consisted of low numbers of scattered granulomas. Spleens were smaller with 
persistent granulomas in the red pulp. Mice infected with M bovis BCG showed 
mild lesions in the lung, liver and spleen at all time points (FIG. SG-I) At 
longer time intervals post-infection the lesions were fewer in number and 
smaller with prominent lymphocytic infiltrations. At 14 weeks post-infection 
M bovis BCG was below the level of detection by acid fast staining. In 
summary, whereas M. tuberculosis ARD1 initially grew in a manner similar to 
the parental M. tuberculosis H37Rv, this RD1 mutant was limited in the extent 
of spread of infection, particularly in the lung. This contrasts the extensive and 
severe damage caused by the parent strain. The subsequent resolving 
granulomas, localization of the lesions and changes in the composition of the 
inflammatory cell infiltrations suggested that the mice mounted an effective 
immune response to combat M. tuberculosis ARD1 infection and thereby 
reduced the numbers of viable organisms. 

Early BCG properties: Alter ed colons momhmvp .. and long t-rm 
immunogeninty. While frozen stocks of the original BCG strain do not exist 
written records do exist describing the early BCG strains, as Dr. Calmette sent 
the strains to many laboratories. In a study published in 1929, Petroff and 
colleagues reported that BCG displayed two distinct colony types (Petroff et al. 
1929). One morphotype was a smooth (S) phenotype that was flat and corded ' 
(like the parental virulent strain) and the second was a rough and raised (R) 
Phenotype. The M tuberculosis ARD1 mutant was generated independently four 
times and consistently yielded a 20 to SQo/o mixture of two colonial 
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morphotypes on Middlebrook medium without Tween 80 (FIG. 3B). The 
distinction of these two types of morphology could be noted even when the 
colonies were less than two weeks old, as the rough colonies were constricted 
and elevated with only a small portion of the base of the colony attached to the 
agar, while the smooth colonies tended to be flattened and spread out. When 
colonies grew older, e.g. 6 weeks old, the rough colonies remained more 
constricted compared to those of smooth colonies. The rough colonies exhibited 
large folds on the surface (FIG. 3F-G), as compared to those of the smooth 
colonies that exhibited small wrinkles (FIG. 3E). 

The generation of two distinct colonial morphotypes must be a 
phenotypic change induced by the deletion of RDI. The morphotypes could not 
be cloned, as repeated subculturing of either the R or S colonies continued to 
yield both colonial morphotypes. Moreover, Southern analysis of R and S 
colonies revealed each morphotype had the same RDJ-deleted genotype (FIG. 
3D). Furthermore, complementation of M. tuberculosis ARD2 with the RD1 
region restored the mutant phenotype back to the homogenous parental S 
phenofype (FIG. 3A-C). These results suggest that the variable morphotypes 
resulted directly from the RDI deletion. It can therefore be postulated that a 
regulator of colonial morphology is affected by one or more of the deleted 
genes. 

One of the hallmark characteristics of BCG is its ability to provide 
protection against aerosolized challenge with virulent M. tuberculosis. To test 
the potential of M. tuberculosis ARD1 to inimunize and protect mice against 
tuberculous challenge, we used the model of subcutaneous immunization of 
C57BI/6 mice followed by an aerogenic challenge with virulent M. tuberculosis 
(McGuire et al., 2002). Groups of mice were vaccinated subcutaneously with 
either 1x10* BCG 9 or 1x10* M tuberculosis ARDJ. Eight months following 
vaccination, the mice were all healthy, thereby demonstrating attenuation in a 
third mouse strain. Vaccinated and unvaccinated mice were aerogenically 
challenged with 200 CFU of the acriflavin-resistant strain of M. tuberculosis 
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Erdman. Twenty-eight days after the challenge, the mice were sacrificed and 
the bacterial burden in the lungs and spleens were determined (see Table 5). 
Naive mice served as controls. While the acriflavin-resistant At tuberculosis 
grew to 6.61±0.13 (log 10 CFU) in lungs of naive mice, both the BCG-vaccinated 
andM. tuberculosis AUDI -vaccinated mice exhibited greater than 1 log 
protection in lungs with CFU values of 5.07±0.10 ( p < 0.001 relative to 
controls) and 5.11±0.l4 (p < 0.001), respectively, detected at the four week 
time point. The M. tuberculosis ARD1 also protected against hematogenous 
spread; CFU values in the spleen were 5.26±0.11 for the controls, 4.00 ±0.33 
(p < 0.01) for the At tuberculosis ARD1 immunized mice, and 3.85±0.17(p < 
0.01) for the BCG vaccinated animals. Thus, the At tuberculosis ARD1 shares 
long-term immunogenicity like BCG. 

Table 5. Bacterial burden of virulent At tuberculosis in uninoculated mice and 
mice inoculated with BCG and H37Rv AKD1 . 



Vaccination strain 


Lung Gog 10 CFU) 


Spleen (loglOCFU) 




6.61 ± 0.13 


5.26 ± 0.11 


BCG 


5.07 ± 0.10*** 


3.85 ± 0.17** 


H37Rv ARD1 


5.11 ± 0.14*** 


4.00 ■+■ 0.33** 



p<0.01; ***p<0.001. 



Discussion 

BCG is a mutant of At bovis that was isolated over 94 years ago and 
characterized for its attenuation for virulence in animals. For over 80 years, 
BCG has been used as a tuberculosis vaccine having been given to 3 billion 
humans. It is currently the only anti-tuberculous vaccine available for use in 
humans, yet its precise attenuating mutations and mechanisms of attenuation 
have never been determined. Previous studies had identified regions of the At 
bovis chromosome that were absent from BCG, but present in virulent At bovis 
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and M. tuberculosis strains (Mahairas et al., 1996; Gordon et al, 2001) An 
elegant microarray analysis has also demonstrated that there was only one 
deletion common to all BCG strains; the authors hypothesized this was the 
primary attenuating mutation in the original BCG strain isolated by Drs. 
Calmette and Guerin (Behr et al., 1999). 

Using a combination of targeted deletion mutagenesis, virulence assays 
and complementation analysis, we have been able to unambiguously prove that 

RDl is required for virulence for M. tuberculosa, and by analogy for M. bovis for 

the first time. 

Moreover, the combination of phenotypes associated with the early BCG strains- 
0 the attenuation for virulence, ii) the altered colonial morphotypes, and iii) the 
abuity to confer long-term immunogenic^ in animals allow us to conclude that 
the RDl deletion was the primary attenuating mutation in the original BCG 
isolate. 

With regards to the ARD1 mutant histology, at 22 weeks post infection, it 
was noted that the mutant was limited in the extent of the spread of infection 
m contrast to the extensive damage caused by the parental strain. Interestingly 
Pethe et al. (2001) determined that M. tuberculosis needs to bind and/or invade' 
epithelial cells in order to disseminate and cause widespread destruction of the 
lung, whilst another study reported that pulmonary M cells can act as a portal of 
entry to the lung for the tubercle bacilli (Jeitelbaum, 1999). In relation to in 
vttro analyses, studies utilizing a model of the alveolar barrier, consisting of 
pneumocytes and monocytes, described how M. tuberculosis infection of the 
pneumocytes resulted in cytolysis, which disrupted the barrier and allowed 
more efficient translocation of intracellular bacilli (Bermudez et al., 2002). 
Notes 

lThe foUowi *S four primers were used to amplify upstream and 
downstream flanking sequences (UFS and DFS, respectively) for the . 
construction of the RDl deletion mutants. UFS was amplified using TH201- 
GGGGGCGCACCTCAAACC andTH202: ATGTGCCAATCGTCGACCAGAA DFS 
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was amplified using TH203: CACCCAGCCGCCCGGAT, and TH204- 
TTCCTGATGCCGCCGTCTGA. Recognition sequences for different restriction 
enzymes were included at the ends of each primer to enable easier 
manipulation. 

'The unmarked delation mutant of At tuberculosis H37Rv, m<rM002 was 
generated by transformation using a sacB counterselection (Snapper et al ' 
1988;Pelicice t al., 1996; Pavelka et al., 1999). Specifically, theplasmid' 
PJHS08 was created by first cloning UFS into Kpn, and AM sites, then cloning 
DPS into EcoRl and Hindm sites of pJH12, a P MV261-derlved £ cofi - 
Mycotacurla shuttle plasmid, to create pJHS06 in which UFS and DPS flanked a 
green fluorescent protein gene (GFPuv, Clonetech) whose expression was 
dnven by the M. leprae 18Kd promoter. The UPS.gip.DFS cassette was 
sub-doned into the EcoBV site of plasmid P YUB657 to create pJHSOS. The first 
homologous recombination involved dre identification of hygromycln resistant 
colonies, resulting item the transformation of M. tuberculosis with pJHSOS 
Southern analysis of the IVcoI-digested DNA isolated from hygromycln resistant 
colontes probed with UFS or DPS, confirmed the presence of a single copy of 
PJH508 mserted Into the M. tuberculosa genome. The transfbrmant (mc*4000) 
tdendfied was then grown in 7H9 broth to saturation, to allow the second 
homologous recombination to occur, resulting in recombinants that could be 
selected by plating the culture on 7H!0 ptaes, supplemettted with 3% sucrose 
Bod, Southern analysis and PCR of the DNA isolated from sucrose resistant 
colonies confirmed the RDl deletion. 

'Specialized transduction Is a mycobacteriophage-based method for the 
delivery of homologous DNA constructs using conditionally replicating shuttle 
phasmlds (Jacobs et al., 1987; Batdarov et al., 1997; Carriere et al., 1997) has 
been used successfully for M . tubamrfo* (GIiclanan et ^ 2000> 
et a.., 2001). Specifically, a transducing phage phAEKOl was constiucted by 
i-erting UFS and DPS into pJSC347, flanking a hyg^mycln cassette, to create 
PJH313. pJH313 was digested with Pad and llgated to phAElS9 a 
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temperature-sensitive mycobacteriophage derived from TM4. The transduction 
was performed by growing M. tuberculosis to an O.D, 00 of 1.0, washing twice 
with MP buffer (50 mM Tris P H 7.6, 150 mM Nad, 10 mM MgCL,, 2 mM 
CaCy, resuspending into an equal volume of MP buffer and rnixing with the 
transducing phage phAEKOl at an MOI of 10. The mixtures were incubated at 
37-C overnight, then plated on 7H10 plates supplemented with hygromycin at 
50 [ig/ml. Hygromycin resistant colonies were analyzed by PCR and Southern 
analysis, as described above, to confirm the deletion of RD1. 

Complementation analyses was performed using the integration 
proficient cosmids (Skjot et al., 2000; van Pinxteren et al., 2000) pYUB412 
made by S. Bardarov, a library made by F. Bange, and cosmid identified and 
generously provided by S.T. Cole. 



Example 5. Vaccine efficacy of a lysine auxotroph of M tuberculosis 
In this Example, we describe the in vivo growth phenotype and vaccine 
efficacy of a lysine auxotrophic mutant of Mycobacterium tuberculosis strain 
H37Rv. An immunization experiment using the mouse model with an aerosol 
challenge showed that two doses of the M. tuberculosis mutant were required to 
generate protection equivalent to that of the BCG vaccine. 

Despite the existence of anti-microbial drugs and a widely used vaccine, 
Mycobacterium tuberculosis remains the primary cause of adult death due to a ' 
bacterial agent (Dolin et al., 1994). The emergence of multi-drug resistant 
strains of M. tuberculosis, the variable efficacy of the current vaccine, the 
badlle-Calmette and Geurin (BCG), and the HIV pandemic have all contributed 
to a growing global tuberculosis problem. 

Several studies have described the development of attenuated 
auxotrophic strains of BCG and/or M. tuberculosis (Guleria et al., 1996); 
Hondalus et al., 2000; Jackson et al., 1999; Smith et al., 2001). All of these 
studies utilized single immunization protocols and demonstrated differences in 
the protective responses thus elicited. In this study, we describe the in vivo 
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growth characteristics of a previously described lysine auxotroph of M. 
tuberculosis H37Rv (Pavelka and Jacobs, 1999), and evaluate the vaccine 
potential of this mutant by a multiple immunization protocol in a mouse model 
of the human disease, using an aerosol challenge. 

Clearance of the M tuberculosis lysine aux otroph in SCID mjce, Female SCID 
mice were bred at the animal facility of the Albert Einstein College of Medicine. 
The animals were maintained under barrier conditions and fed sterilized 
commercial mouse chow and water ad libitum. The M. tuberculosis strains 
Erdman, me 3 026 (AfysAvres) (Id.), and mc 2 3026 bearing pYUB651 (expressing 
the wild-type lysA gene) were grown in Middlebrook 7H9 broth (Difco) 
supplemented with O.O50/0 Tween-80, 0.2% glycerol, IX ADS (0.5% bovine 
serum albumin, fraction V (Roche); 0.2% dextrose; and 0.85% Nad) or on 
Middlebrook 7H10 or 7H11 solid medium (Difco) supplemented with 0. 2 o/ 0 
glycerol and 10% OADC (Becton Dickinson). Culture media for the lysine 
auxotroph were supplemented with 1 mg/ml of L-lysine (for both liquid and 
solid media), and 0.05% Tween-80 was also added to solid medium. Liquid 
cultures were grown in 490 cm* roller bottles (Coming) at 4-6 rpm. Plates were 
incubated for 3-6 weeks in plate cans. All cultures were incubated at 37>C. 

Titered frozen stocks of the bacteria were thawed and diluted 
appropriately in phosphate buffered saline containing 0.05% Tween-80 (PBST). 
The bacterial suspensions were plated at the time of injection to confirm the 
number of viable bacteria. Intravenous injections were given via a lateral tail 
vein. At various time points post-injection (24 hours, then once weekly), 3 
mice were sacrificed, and the lungs, liver, and spleen removed and 
homogenized separately in PBST using a Stomacher 80 (Tekmar, Cincinnati, 
OH). The homogenates were diluted in PBST and plated to determine the 
number of CFU/organ. Note that mice were sacrificed at 24 hours 
post-injection in order to compare the bacterial colony forming units recovered 
from the mice with the colony forming units in the suspensions at the time of 
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injection. Thus the bacterial counts reported at time zero actually represent the 
viable bacteria recovered from the mice at 24-hours post-injection. 

The lysine auxotrophic strain was cleared from and did not appear to 
grow in the examined organs of the SCID mice, while the complemented strain 
multiplied extensively (FIG. 14). Interestingly, the auxotrophic inoculum was 
cleared from the spleens and lungs but persisted somewhat longer in the liver 
CFIG. 14B). The mice receiving the complemented M. tuberculosis mutant died 
within three weeks of challenge, while the mice given the auxotrophic Af. 
tuberculosis mutant did not display any gross organ pathology and survived for 
at least the duration of the experiment. 

Two immunizations with the M. tuhem.lna* x ^x^ a)1Yn ^ r h mc 2 3n? , fi ar „ 
required to match the efficacy of vaccination with BCG-P a cr P „. We tested the 
vaccine potential of the lysine auxotroph mc 2 3026 in the mouse model by 
means of a virulent aerosol challenge. Female, pathogen-free CS7BL/6 mice 
(Jackson Laboratories, Bar Harbor, ME) were vaccinated intravenously with ca. 
1x10* CFU of the M. tuberculosis lysine auxotroph or BCG-Pasteur suspended in 
0.2 ml PBST. Mice vaccinated with mc 2 3026 were revaccinated at 4 week 
intervals and the number of viable organisms in the lungs and spleens 
determined weekly throughout the vaccination period, as described above for 
the SOD mouse experiments. Five mice were examined at each time point. 

Immunized mice were challenged 3 months after the initial vaccination. 
A frozen aliquot of a M. tuberculosis Erdman stock was thawed and diluted in 
PBST to ca. 1x10" CPU/nil and 10 ml was introduced into the nebulizer of a 
Middlebrook aerosol chamber (Glas-Col, Terre Haute, IN). The mice were 
exposed to the infectious aerosol for 30-minutes, inhaling 50-100 CFU into their 
lungs over this period. Five mice were sacrificed immediately following the 
challenge period and the lung homogenates were plated to check the amount of 
the challenge inoculum actually reaching the lungs. Groups of vaccinated and 
control mice were sacrificed 14, 28, and 42 days later and the lung and spleen 
homogenates plated to determine the number of viable colony forming units of 
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M. tuberculosis Erdman present. Data were analyzed using the Student's t-test 
and an analysis of variance between several independent means, using the In 
Stat Statistics program (GraphPad Software, San Diego). 

A preliminary experiment demonstrated that a single intravenous 
immunization of immunocompetent C57BL/6 mice with the M. tuberculosis 
mutant did not generate a significant protective response to the subsequent 
aerosol challenge with virulent M. tuberculosis Erdman. In that experiment, the 
M. tuberculosis auxotroph was rapidly cleared from the mice (FIG. 15A), and 
the single immunization with the auxotroph was insufficient to reduce the 
bacterial burden in the lungs and spleens relative to a single immunization with 
BCG (FIG. 1SB). 

The failure of the auxotroph to confer protection might have been due to 
the inability of the mutant to persist long enough, or to synthesize enough 
antigen to induce an immune response that could significantly restrict the 
growth of the challenge organisms. One way to circumvent this problem is to 
give multiple doses of vaccine (Collins, 1991; Homchampa et al., 1992). To this 
end, mice were intravenously immunized two or three times at four-week 
intervals with the M. tuberculosis lysine auxotroph. In both cases, the vaccine 
strain was cleared from the lungs and spleens of all the mice at rates similar to 
that seen with the single immunization experiment (FIG. ISA). Three months 
after the first immunization the mice were challenged with M. tuberculosis 
Erdman by the aerosol route and the bacterial counts in the lungs and spleens 
were determined and compared to a BCG-Pasteur immunized control, as well as 
the sham immunized controls. As seen in FIG. 15C, double immunization with 
the M tuberculosis lysine auxotroph induced a protective response that was 
equivalent to that of the BCG control. The reduction in counts in the lung and 
spleen was equivalent to a 100-fold reduction in bacterial counts compared to 
the unvaccinated control (FIG. 15C). The results ftom the triple immunization 
experiment were essentially similar as those from the double immunization 
experiment described above (data not shown). Furthermore, mice that were 
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immunized with three doses of the M. tuberculosis lysine auxotroph and 
challenged with virulent M tubercutosis Erdman survived at least as long as the 
BCG-inununized control mice (FIG. 16). 

Several studies have described the development and vaccine efficacy of 
attenuated mutant strains of M tuberculosis CJackson et al., 1999; Hondalus et 
al., 2000; Smith et al., 2001). The first study reported that a purine auxotroph 
of M. tuberculosis was unable to grow in macrophages and was attenuated for 
growth in both mice and guinea pigs (Jackson et al., 1999). A guinea pig 
vaccination experiment determined that a single immunization with the 
auxotroph allowed the animals to restrict the growth of virulent M. tuberculosis 
in the lungs as well as a single immunization with wild-type BCG, following 
aerosol challenge. However, the reduction in growth of the challenge organism 
in the spleen afforded by the auxotroph was not as extensive as that afforded by 
BCG. Another study reported that a leucine auxotroph of M tuberculois Erdman 
cannot grow in macrophages and is avirulent to immunocompromised SCID 
mice (Hondalus et al., 2000). Immunocompetent mice vaccinated once with a 
M. tuberculosis leucine mutant did not significantly restrict the growth of the 
virulent challenge organism in the lungs or spleen as much as the control mice 
vaccinated with BCG (Id.). However, the mice immunized with the leucine 
auxotroph survived as long as the BCG immunized controls and exhibited a 
decreased histopathology relative to that seen in the non-immunized controls 
(Id.). A third study showed that M. tuberculosis proline and tryptophan 
auxotrophs were attenuated and a single immunization of mice with either of 
these mutants afforded protection against an intravenous challenge with 
virulent M. tuberculosis, comparable to that for BCG, as indicated by the mean 
survival times (Smith et al., 2001). In those experiments, mice immunized with 
pro or trp mutants could restrict the growth of the challenge organisms to the 
same extent as mice immunized with BCG, although the magnitude of 
protection in either case (M tuberculosis auxotrophs or BCG) was not as 
extensive as that seen in the other studies (Id.). 
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In the present study we have demonstrated that a single immunization of 
mice with the avirulentM. tuberculosis lysine auxotroph did not generate an 
immune response capable of significantly restricting the growth of virulent M. 
tuberculosis Erdman following an aerogenic challenge. However, administration 
of a second or a third dose of this vaccine increased protection substantially as 
measured by the number of viable bacteria per organ, to a level similar to that 
achieved with single dose of BCG-Pasteur. This level of protection did not seem 
to be greatly increased by a third dose of vaccine, although the triply 
immunized mice survived as long as the control mice immunized with a single 
dose of BCG-Pasteur. Mice that were immunized twice were not followed to 
determine mean survival time, but comparing the growth curves of the 
challenge bacteria following the double and triple immunizations, it seems 
likely that the survival time for the doubly immunized mice would be much the 
same as that for the triple-immunized mice. 

The previous studies using M tuberculosis auxotrophs as vaccine strains 
showed substantial variations in their effectiveness. This variability is likely to 
be due to a number of factors, including the different M. tuberculosis 
background strains used to construct the mutants, different mouse strains used 
in the various protection studies, and the different challenge organisms and 
challenge routes used. There was also considerable variation in the protective 
efficacy of the different vaccines compared to that observed in controls using 
BCG immunization. These differences pose a number of questions concerning 
the best indicators of protection, especially in the long term. Should viable 
bacterial counts or survival be the primary indicator of protection or should 
both be given equal weight? The results of this study indicate that more than 
one immunization with a M tuberculosis lysine auxotroph did generate a 
significant protective response as indicated by both criteria. We believe it is 
important that multiple immunization protocols be considered in the further 
development of attenuated M. tuberculosis strains as potential human vaccines 
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This is the first study demonstrating that a multiple immunization 
protocol using an auxotroph of M tuberculosis can protect against a highly 
virulent aerosol challenge compared to that seen for BCG. Since BCG vaccines 
have shown variable efficacy when tested in humans, an auxotrophic M. 
tuberculosis vaccine might represent an attractive booster vaccine with which to 
augment childhood BCG immunization. 

Example 6. Mutants of Mycobacterium tuberculosis having two attenuating 
mutations are safe and provide protection in mammals lacking CD4 + 

lymphocytes. 

The experiments described in this Example employ materials and 
methods described in the other Examples. 

Construction and characterization of M n.h e rculosis Asm \ V g n cn iWfinsn) 
A pantothenate auxotroph of M tuberculosis AKD1 was generated by specialized 
transduction and the strain designated mc^O. No CFU were detected on 
7H11 when 5x10- CFU were plated (repeated twice), suggesting the reversion 
frequency to be below 10 ". 

SOD mice infected with lxlO 2 CFU H37Rv succumbed to infection in 6 
weeks, whereas the mice infected with 1x10* mc^O survived significantly 
longer with more than 75% of mice surviving for more than 300 days (FIG. 
17A). Bacteria isolated from mc^O-infected mice before they died were all 
auxotrophs, confirming that there were no revertants under in vivo conditions. 
In order to assess the safety of m^OSO in immunocompetent BALB/c mice, we 
infected mice intravenously with 1x10* mc^OSO or lxlO 6 of wild-type H37Rv. 
All mice infected with H37Rv succumbed to infection by 150 days, whereas 
mice infected with mc^O survived for more than 300 days (FIG. 17B). In an 
effort to understand the role of immune responses in controlling infection with 
the pantothenate mutants, we infected immunocompetent C57BV6 with 1x10 s 
CFU of mc^OOl (ARDj), mc 2 6004 (complementing strain), mc^OSO 
(ARDlApanCD) or wild-type H37Rv. Mice infected with H37Rv and mc 2 6004 
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showed progressive growth in all the three organs, whereas mice infected with 
mc»6030 showed a drop in growth during the first 3 weeks in the lungs and 
spleen (FIG. 18). Following 3 weeks of infection, the growth pattern of both 
mc°6001 and mc*6030 were identical in the spleen and lungs. Mice immunized 
subcutaneously with one or two doses of mc-6030 demonstrated protection 
against aerosol challenge with virulent M. tuberculosis, which was comparable 
to the protection afforded by BCG vaccination (Table 6). No pantothenate 
auxotrophs were recovered from spleen or lungs of mice at 1, 2 or 3 months 
following subcutaneous immunization. 
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Table 6. Bacterial burden of virulent M. tuberculosis in uninoculated mice and 
mice inoculated with BCG or. one o r two doses of ARDlApanCD. 
Experimental Group Lung CFUs (log in ) 

5.99 ± 0.09 
5.22 ± 0.10* 
4.86 ± 0.14** 
4.79 ± 0.19** 



Naive 

ARDlApanCD (1 dose) sc 
ARDlApanCD (2 doses) sc 
BCG (1 dose) sc 



Spleen CFUs (logl O) 
4.94 ± 0.06 
4.04 ± 0.15* 
3.58 ± 0.11** 
3.73 ± 0.27** 



*p<0.01 relative to controls; **p<0.001 relative to controls 

Construction and character! ration of M tuhercuhsis A7v^A r „ nC p Cm<*f>mn } 
A pantothenate auxotfoph of M. tuberculosis MysA was generated by specialized 
transduction and the strain designated mc 2 6020. No CFU were detected on 
7H1 1 when 5x10'° CFU were plated, suggesting the reversion frequency to be 
below 10 ". This double mutant is auxotrophic for both lysine and ' 
pantothenate. SCID mice infected with lxlO 2 CFU H37Rv succumbed to 
infection in 6 weeks, whereas the mice infected with lxlO 6 mc 2 6020 survived 
for more than 400 days with no mortality. In order to assess the safety and 
growth kinetics of mc 2 6020 in immunocompetent BALB/c mice, we infected 
mice intravenously with 1x10' mcttCKO or 1x10* of wild-type H37Rv. All mice 
infected with H37Rv succumbed to infection by 150 days, whereas mice 
infected with mc 2 6020 survived for more than 400 days. After 3 weeks 
following intravenous infection, no colonies of mc 2 6020 could be recovered 
from spleen, liver or lungs of infected mice. Interestingly, mice immunized 
subcutaneously with one or two doses of mc 2 6020 demonstrated protection 
against aerosol challenge with virulent M. tuberculosis, which was comparable 
to the protection afforded by BCG vaccination (Table 7). No pantothenate and 
lysine requiring auxotrophs were recovered from spleen or lungs of mice at 1, 2 
or 3 months following subcutaneous immunization. Other studies established 
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that both mc 2 6020 and mc 2 6030 protects the a level of protection of mice 
against TB equivalent to the protection afforded by BCG (FIG. 19). 



Table 7. Bacterial burden of virulent M. tuberculosis in uninoculated mice and 
mice inoculated with BCG or one or two doses of mc 2 6020 (.AtysAApanCD) sc c 
one dose of mc 2 6020 iv. 



Experimental group 


Lung CFUs (k>g 10 ) 


Spleen CFUs (log 10 ) 


naive 


6.03 ± 0.05 a 


4.84 ± 0.27 


BCG (1 dose) sc 


4.76 ± 0.19*** 


3.95 ± 0.18* 


mc 2 6020 (1 dose) sc 


5.05 ± 0.06*** 


4.02 ±0.11* 


mc 2 6020 (2 doses) sc 


5.09 ± 0.05*** 


4.06 ± 0.27 


mc 2 6020 (1 dose) iv 


• 5.06 ± 0.11*** 


4.00 ± 0.15* 



"Mean ± SEM p<0.001 = ***; p<0.05 = * 



These data clearly demonstrate the safety and immunogenicity of these 
two double mutants of M. tuberculosis in mice. 

The double deletion mutant mc^OS O (ARD 7 A p nnCD^ immunizes and p roterts 
CD4'' mice from aeroso lized M. tuberculosis challen^ P We tested the 
hypothesis that the attenuated double deletion mutants could protect CD4- 
deficient mice, a model of HIV-infected humans, from aerosolized M. 
tuberculosis challenge. The results of these tests are summarized in FIG. 20. 
While 100% of the non-immunized CD4 A were dead by 38 days, 100% of the 
mice immunized with either BCG or mc^OSO are alive at 120 days post 
challenge. After 120 days, none of the immunized mice had any outward sign 
of disease. The double deletion mutants were also safer than BCG in SCID 
mice, where all of the SCID mice died before 100 days when inoculated with 
BCG, 100% and 25% of the mice survived inoculation with mc 2 6020 and 
mc 2 6030, respectively (FIG. 21). This indicates that immunity against M 
tuberculosis can be elicited in a CD4-independent manner. These results also 
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support the notion that effective antibody or CD8-mediated vaccines to malaria 
and HIV could be developed in the context of these attenuated M. tuberculosis 
strains. 

In view of the above, it will be seen that the several advantages of the 
invention are achieved and other advantages attained. 

As various changes could be made in the above methods and 
compositions without departing from the scope of the invention, it is intended 
that all matter contained in the above description and shown in the 
accompanying drawings shall be interpreted as illustrative and not in a limiting 
sense. 

All references cited in this specification are hereby incorporated by 
reference. The discussion of the references herein is intended merely to 
summarize the assertions made by the authors and no admission is made that 
any reference constitutes prior art. Applicants reserve the right to challenge the 
accuracy and pertinence of the cited references. 
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SEQ ID Nos 

SEQ ID NO:l - An RD1 region of Mycobacterium tuberculosis H37Rv. 

Bases 4350263-4359716 of the genome of M. tuberculosis H37Rv, as provided 

in GenBank Accession No. NC000962. 

4350263 gatcgtgg gtgccgccgg ggggatgccg ocgatggcac 

435030X cgctggcccc gttattgccg gcggcggcag atatcgggtt gcacatoatt gtoaoctgtc 
4350361 agatgagcca ggcttacaag gcaaccatgg acaagttcgt cggcgccgca ttC ggg tcgg 
T.ZT, r 9 ^" 930 aatgttCC " tcgggegaga ageaggaat t cccatccagt 
4350481 tcaagcggcg cocccctggc caggcatttc tcgtctcgcc agacggcaaa gaggtcatcc 
4350541 aggcccccta catcgagoct ccagaagaag tgttcgcago acccccaagc gccggttaag 
TslZ a \ tatttCat ■"—W ^-ccg a gCtcagc ce ggtaatcgag tt cg ggcaat 
4350661 gctgaccatc gggtttgttt ccggctataa ccgaacggtt t gtgta cg gg atacaaatac 
4350721 a gggagggaa gaag ta g gca aatggaaaaa at g t c a c atg atccgatcgc tgccgacatt 
! 9CaCgCaag t9a9 ° 3aCM ^ctctgoac ggcgtgacgg ccggctcgac ggcg C tg acg 
4350841 tcggtgaccg ggctggttcc cgcgggggcc gatgaggtct ccgcccaagc ggcgac ggcg 
4350901 ttcacatcgg a gggc atcca attgctggct tccaatgcat cggcccaaga ccagctccac 
4350961 cgtgcgggcg aagcggtcca ggaegtcgcc cgcacot att cgoaaatcga cg a cggogcc 
4351021 gccggcgtot t cgccg aata ggccccc aac acatcggagg gagtgatcaC c.tgctgtgg 
4351081 c a cgc aat gc c a ocgg agc t aaataccgca cggctgatgg ocggcgc ggg tcoggctcca 
4351141 at gcttgcgg cggccgcggg a tggc a g aC g ctttcggcgg ctctggacgc tcaggccgtc 
435120! g agttgaccg cgcgcotgaa ctctctgg ga gaagcctgga ctggag gtg g c agcg acaa g 
4351261 gogcttgcgg ctgcaaogcc gat ggtgg tc tg gctacaaa ccgcgtcaae acaggccaag 
4351321 accc g t g c g a tgcaggcgao ggcgcaagcc gcggc ata c a cocaggcoat g g cc a c gacg 
:: 9 ^ gCt3 ° "««cagg ccgtccttac ggecaccaac 

4351441 ttottcggta tcaacacgat cccgatcgcg ttgaccgaga tgg.ttattt c at ccg tat g 
4351501 tggaacoagg c.gccctggc aatgga g gtc tac c agg ccg .gaccgcggt taacacgctt 
4351561 ttcgagaagc tcgagccgat ggcgtcgatc ott ga tccc g gogcgagooa gagcacgacg 
4351621 aacccgatct tcggaa t gcc ctcocctggc agotcaacac cggttggcca gttgccgccg 
4351681 gcggctaccc agaccctcgg ocaactgggt gagatgagcg goccgatgca gcagctgacc 
T^IT, Ca3CC9atgC a ^tgac gtcgttgttc agcoaggtgg gcggcaccgg cggcggca.c 
4351801 ccagccgacg agga a gcogo go aga tgggc otgctcggoa cc.gtccgot gtcgaaceat 
4351861 ccgctggetg g t gg a tc a gg cccc.gcgcg ggcgcgggcc tgctgcgcgc ggagtcgcta ■ 
4351921 cctggcgcag gtgggtcgtt gaoccgcacg ccgctgatgt ctcagctgat cgaaaagccg 
4351981 gttgccccot cggtg at gcc ggcggctgct gccggatcgt cggcgacggg tggcgcegc,: 

4352X0, I:!!" 9 "" 9 C9ggagC9at «™~«* ^gcaatccg gcggctccac oaggccgggt 
4352101 ctggtcgcgc cggcaccgct cgcgca ggag cgtgaagaag acg ac g a gg a cgactgggac 
4352161 g aa g aggaog a c tggtgag c tcccgt aat g a ca a c a g a ot tcccggccac ccgggccgga 
agaCtt9QCa g aggaa gg ta aagagagaaa g ta gtccagc atggcagaga 

4352281 tgaagaccga tgc=gc tac c ctcgcgc a gg a gg Ca gg taa tttcgagcgg atctccggcg 
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4352341 acotgaaaao ccagatcgac caggtggagt cgacggcagg ttcgttgcag ggccagtggc 
43524 01 gcggcgcggo ggggacggcc gcccaggccg cggtggtgcg cttocaagaa gcagccaata 
43524G1 agcagaagca ggaactogac gagatctcga cgaatattcg toaggccggc gtccaatact 
4352521 cgagggccga cgaggagoag cagcaggcgc tgtcctcgca aatgggctto tgacccgcta 
. 4352561 atacgaaaag aaacggagca aaaaoatgac agagcagcag tggaatttcg cgggtatcga 
4352641 ggocgcggca agcgcaatcc agggaaatgt cacgtccatt cattccctco ttgacgaggg 
4352701 gaagcagtec otgaccaage tcgcagcggc ctggggeggt agcggttcgg aggcgtacca 
4352761 gggtgtccag caaaaatggg aogccacggc taccgagctg aacaacgegc tgcagaacot 
4352821 ggcgcggacg atcagcgaag ccggtcaggc aatggcttcg acogaaggca acgtcactgg 
4352881 gatgttcgca tagggcaacg ccgagttcgc gtagaatagc gaaacacggg atcgggcgag 
4352941 ttcgaccttc cgtcggtetc gccctttctc gtgtttatac gtttgagcgc actctgagag 
4353001 gttgtcatgg cggccgacta ogacaagctc ttceggccgc acgaaggtat ggaagctccg 
4353061 gacgatatgg cagcgcagcc gttcttcgac cccagtgctt cgtttccgcc ggcgcccgca 
4353121 tcggcaaacc taccgaagcc caacggccag aotccgoccc cgacgtccga cgacctgfccg 
4353181 gagcggctcg tgtcggcccc gccgccgcca cccccacccc oacctccgoc tccgccaact 
4353241 ocgatgeoga tcgccgoagg agagcogccc togccggaac cggccgcate taaaccaccc 
4353301 acacccccca tgcccatcgc cggacccgaa ccggccccac ccaaaccacc caoacceccc 
4353361 atgcccatcg ccggacocga aocggcccca cccaaacoac ocacacctco gatgccoato 
4353421 gccggacctg cacccaoccc aaccgaatcc cag tt gg cge cccccagacc accgacacca 
4353481 caaacgccaa ccggagcgec gcagoaaccg gaatoaocgg ogcoccaogt aoectcgcac 
4353541 gggccacatc aaccccggcg caccgcacca goaccgocct gggcaaagat gccaatcggc 
4353601 gaacccccgc ccgctcogtc cagaocgtct gcgtccccgg ocgaaccaco gacccggcct 
4353661 gccccocaac actcccgacg tgcgcgccgg ggtcaocgot atcgcacaga caccgaaoga 
4353721 aacgtcggga aggtagcaac tggtcca^c atocaggcgc ggctgcgggc agaggaagca 
4353781 tccggcgcgc agctcgccco oggaacggag ccctogccag cgccgttggg ccaacogaga 
4353841 tcgtatctgg ctccgcocac ccgccccgcg ccgacagaac ctccccccag occctcgccg 
4353901 cagcgcaact ccggtcggcg tgccgagcga cgcgtccacc ccgatttagc cgcccaacat 
4353961 gccgcggcgc aacctgattc aattacggcc gcaaocactg gcggtegtcg ccgcaagcgt 
llllTJ; 9Cag<=3CC " atCto ^cgc gacacagaaa tccttaaggc cggcggccaa ggggccgaag 
4354081 gtgaagaagg tgaagcocca gaaaccgaag gocacgaage ogcccaaagt ggtgtcgcag 
4354141 cg cggct ggc gacattgggt goatgcgttg acgcgaatca acctgggcct gtcacccgac 
4354201 gagaagtacg agctggaoct gcacgctcga gtccgccgca atceccgcgg gtcgtatcag 
4354261 ategccgtcg tcggtctcaa aggtggggct ggcaaaacca cgctgaoagc agcgttgggg 
4354321 tcgacgttgg ctcagg tgcg ggccgaccgg atcctggotc tagacgcgga tccaggcgcc 
4354381 ggaaacctcg ccgatcgggt agggogacaa togggcgcga ccatcgctga tgtgcttgca 
4354441 gaaaaagagc tgtcgcacta oaacgacatc cgogcacaca ctagcgtcaa tgcggtcaat 
4354501 ctggaagtgc tgccggcacc ggaatacagc tcggcgcagc gcgcgctcag cgacgccgac 
4354561 tggcatttca tcgccgatcc tgcgtcgagg ttttacaace tcgtottggo tgattgtggg 
4354621 gccggcttct tcgacccgct gacccgcggc gtgctgteca cggtgtccgg tgtcgtggtc 
43S4681 gtggcaagtg tctcaatcga oggcgcacaa caggeg t c g g tcgcgttgga ctggttgogc 
4354741 aacaacggtt accaagattt ggcgagccgo gcatgcgtgg tcatcaatca catcatgccg 
4354801 ggagaaccca atgtcgcagt taaagacctg gtgcggcatt tcgaaoagca agttcaaccc 
4354861 ggccgggtcg tggtcatgcc gtgggacagg cacattgcgg coggaacoga gatttcacto 
4354921 gacttgotcg accctatcta caagcgeaag gtcotcgaat tggccgcagc gotatocgac 
4354981 gatttcgaga gggotggacg tcgttgagcg cacatgctgt tgctgetggt octaccgccg ■ 
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4355041 cgggggcaac c g ct g c gcgg octgccacca c=c gggtgac gatcctgacc gg oa g ac gga 
4355X0! tgaccgattt gg tact g cca g c ggcggtg c ogatggaaac ttatattgac gacaccgtcg 
4355X6! cggtgctttc c g a ggtg tt g gaagacacgc cggctgatgt actcggcggc ttcgacttta 
4355221 ccgcgcaagg c g t g t gggC g ttcgctcgtc ccggatcgcc gccgetgaag ctcgaccagt 
4355281 cactcgatga cgcc ggg gtg gtcgacgggt cactgctgac tctggtgtca gtcagtcgca 
4355341 ccgagcgcta ccgaccgttg gtcgaggatg tcatcgacgc gatcgccgtg cttgacgagt 
4355401 cacc tgag tt cgaccgcacg gcattgaatc gct tt gtgg g ggcggcgate cogcttttga 
4355461 ccgcgcccgt catc gg gatg gcgatgcggg cgtggtggga aactgggcgt agcttg tggt 
UssUl 99 :; 9tt9 *° ^"^« tc ^ggggatcg ctgtgctggt aggcagcttc gt c gc gaaca 
43SS58X ggttctaoca gagcggccac ctggccgagt gcctactggt cacgacgtat ctgctgatcg 
llslZ Caa :; 9CC9C -tgccttgc cgcgoggg gt caactcgttg ggggcgccac 

435570X aagttgccgg cgccgctacg gccgtgetgt ttttgacctt gatgacgcgg ggcggccctc 
" aa9C9tCa ^'WW tcgtttgccg tgatcaocg* t atcgcgg t c atcgeggccg 
435 SMI ccgctgcctt cggctatgga taccaggact gggtccccgc gggggggatc gca tt cgggc 
435588X tgttcattgt gacgaatgcg gccaagctga ccgtcgcggt egcgcggatc gcgctgccgc 
43SS941 cgattccggt aoccggegaa accgtggaca acgaggagtt gctogatccc gtcgcgaocc 
435*001 cggaggctao cagcgaagaa accoegacct ggcaggcca t catcgcgtcg gtgcccgcgt 
435.061 cegcggtccg gctcaccgag cgcagcaaac t gg CC aagca acttotgatc ggatacgtca 
«««x :f: 399CaC CCt ^ ttCt ^ ^tgccggtg ccatcgcggt cg tggtgcgc gggcacttct 
4356181 ttgtacacag cct ggt g g tc gcgggtttga tcacgaccgt ctgcggattt cgotogeggc 
tttaC9CC9a ^ctggbgt gcgtgggcgt tgctggcggc gacggtcgog attccgacgg 
4356301 gtctgacggc oaaaetcatc atotggtacc ogcactatgc ctggctgttg ttgagcgtet 
4356361 acctcacggt agccctggtt gcgctcgtgg tggtcgggtc gatggctcac gtocggcgcg 
4 4 35l! a ^ t t " CaCC " t ^ actctggaat tgategacgg cgccatgatc gctgccatca 

4356481 ttcccatget gctgtggatc accggggtgt acgacaoggt ccgcaatatc cggttotgag 
TZIT, CC ?? atC99C t ^ tfc W«W ttcct g aca g aacatcgagg acacggcgca ggt tt g cata 
4356601 =ct t c ggcg c c Cg acaaatt g ct gcg att g a gcg t g t ggc gc g tcc gg ta aaatttgctc 
4356661 g at ggg gaac acgtatagga gatccggcaa tggctgaaco gttggccgtc gatcccaccg 
4356781 9Ctt9 T 9C —ttggcag gcctcgtttt tccgcagcct ccggegccga 

4356781 tcgcggtcag cggaacggat tcggtggtag cagcaatcaa cgagaccatg ooaagcatcg 
4356841 aatcgctggt cagtgacggg ctgcccggcg tgaaagccgc cctgactcga acagcatcc* 
4356901 acatgaacgc ggcggcggac gtctatgoga agaccgatca gtcactggga aocagtttga 
4356961 gccagtatgo att.ggeteg tcgggcgaag gcctgg Ctgg =g tcgcctcg gt c g gtggtc 
4357021 agccaagtca ggctacccag ctgctgagoa cacccgtgtc acaggtcacg accdg!Lg 
4357081 gcgagacggc cgctgagctg goaccccgtg ttgttgcgae ggtgocgcaa ctcgttcagc 
4357141 tggctccgca cgccgttcag atgtcgcaaa acgcatcccc catcgotcag aogatoagtc 
lllZT, aaaCC9CCCa -«»«Wc cagagcgcgc agggeggcag cggoccaatg cccgcacagc 
43572 X ttgccagcgc tgaaaaaccg gccaccgagc aageggagcc ggtcoacgaa gtgacaaacg 
«I™ a " 9 C9aOCag ^ C S^gtgcagc cggccgaggt cgttgocgcg gcacgtgacg 

4357381 aatggcgccgg cgcatcacog ggccagcagc ceggcggggg cgttcccgcg caagcoatgg 
435744X ataccggagc cggtgeccge ccagcggcga gtocgctggc ggeccccgto gatccgtcga ' 
4357501 ctccggoacc ctcaacaacc acaacgttgt agaocgggcc tgccagcggc tccgtctcgc 
4357561 acgcagcgcc tgttgctgtc ctggcctcgt eagcatgcgg cggccagggc ccggtcgago 
4357621 aaoccggtga cgtattgoca gtacagccag tcogcgacgg oeacacgctg gacggccgcg 
4357681 tcagtcgcag tgtgcgcttg gtgcagggca atctcctgtg agtgggcagc gtaggcccgg 
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4357741 aacgcccgca gatgagcggc ctcgcggccg gtagcggtgc tggtcatggg cttcatcagc 
43S7801 togaaccaca gcatgtgccg ctcatcgccc ggtggattga catccaccgg cgccggcggc 
4357861 aacaagtcga gcaaacgctg atcggtagtg tcggccagct gagccgccgc cgagggg t =g 
4357921 acgacctcca gcegcgaccg gcccgtcatt ttgccgctct ccggaatgtc atctggctce 
lllllT, a9Ca ° aatCt tJSOeaCaC ° ^atccgaa =tggccaac t gctccgcggt accgatcaco 
4358041 gccogcagcg tcatgtcgtg gaaagccgcc caggcttgca oggcoaaaac cgggtaggtg 
4358101 gcacagcgtg oaatttcgtc aaccgggatt gcgtgatcog cgetggccaa gtacacctta 
4358181 ttcggcaatt ccatcccgtc gggtatgtag gccagcccat agctgttggc cacgacgatg 
4358221 gaaccgtcgg tggtcaccgo ggtgatccag aagaacccgt agtcgcccgc gttgttgtcg 
4358281 gacgcgttga gcgcogccgo gatgcgtogc gccaacsgca gcgcatcacc gcggccacg C 
4358341 tggcgggcgc tggcagctgc agtggcggcg tcgogtgccg occgagccgc cgacaecggg 
4358401 atcatogaca ccggcgtacc gtcatctgca gactcgctgc gatcgggttt gt C gatg t ga 
4358461 tcggtogacg gcgggcgggo aggaggtgcc gtccgcgccg aggocgoocg cgtgctcggt 
4358521 gccgccgcct tgtocgaggt agccaocggc gcccgcccag tggcagcatg cgaccccgcg 
4358581 cccgaggccg cggccgtacc cacgctcgaa cgcgcgcccg ctcccacggc ggtaccgct* 
4358641 ggegcggcgg ccgccgcccg tgcgcocggg aoaccggacg ccgcagccgg cgtcaccgac 
4358701 gcggcggatt ogtoogcatg ggcaggccco gactgogtoc coccgcoogc atgctggccc 
4358761 ggcacacoag gttgetccgc caacgccgcg ggtttgacgt gcggcgccgg ctcgccccot 
4358821 ggggtgcocggtgttg^tgg accagacgga ccgggagtgg coggtgtaac cggctggggc 
4358881 ccaggcgatg gcgocggtgc cggagccggc tgcgggtgtg gagcgggagc tggggtaacg 
4358941 ggcgtggccg ggg tt gccgg tgtggccggg gcgaccgggg gggtgaccgg cgtgatcggg 
4359001 gttggctcgc ctgg tgt gec cggtttgacc ggggtcaccg gggtgaccgg cttgcccggg 
4359061 gtcaccggcg tgaegggagt gccgggcgtt ggtgtgatcg gagttaccgg cgctccoggg 
4359121 atgggtgtga ttggggttcc cggggtgatc gggg tt cccg gggtgatcgg ggttcccgg t 

435*24*1 T*rT 9 t9CCC3gg9a ^c-cgacc agggtaggca cgtctggggg tggcggcgac 
4359241 ttctgctgaa gcaaatcctc gagtgcgttc ttcggaggtt tccaattctt ggattcoagc 
4359301 acccgctcag cggtotcggo gaccagactg acattggccc catrgcgtcgc cgtgaccaat 
4359361 gaattgatgg oggtatggcg ctcatcagea tccaggctag ggtcattctc caggatatcg 
4359421 atctcccgtt gagcgccatc cacattattg ccgatatcgg atttagcttg ctcaatcaac 
4359481 ccggcaatat gcctgtgcca ggtaatcacc gtggcgagat aatcctgcag cgtcatcaat 
4359541 tgattgatgt ttgcacccag ggcgccgttg gcagcattgg cggcgcegco ggaccatagg 
4359601 ccgccttoga agacgtggcc tttctgctgg cggcaggtgt ccaatacatc ggtgaccctt 
4359661 tgcaaaacct ggctatatto ctgggcccgg tcatagaaag tgtcttcatc ggcttc 
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SEQ ID NO:2 - ApanCD region of Mycobacterium tuberculosis H37Rv. 
Deleted in bpanCD strain of Example 2. 

gttcgccggtgatcgcgtaggtgaccagtcgagcaccgttctcgatStcgacgatgpt^a 



n^^™ GCCGTCGGGATACATCGCCGCGGT AGTTGGCGTGAAA^ 



SEQ ID NO:3 - A nadBC region of Mycobacterium tuberculosis H37Rv. 
Deleted in LnadBC strain of Example 2. 

^ G £n^™ GCCGCCGCCOTGGC ^ 



^TCCGCGATACCCGTMGACG^^ 
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SEQ ID NO:4 lysA sequence in MysA strains 

GTGAACGAGCTGCTGCACTTAGCGCCGAATGTGTGGCCGCGCAATACTACTCGC 
GATGAAGTCGGTGTGGTCTGCATCGCAGGAATTCCACTGACGCAGCTCGCCCAG 

gAgtacgggaccccgctgttcgtcatcgacgaggacgactttcgctcgcgctgc 

CGAGAAACCGCCGCGGCCTTTGGAAGTGGGGCGAACGTGCACTATGCCGCCAA 

GGCGTTCCTGTGCAGCGAAGTAGCCCGGTGGATCAGCGAAGAAGGGCTCTGTC 

TGGACGTTTGCACCGGTGGGGAGTTGGCGGTCGCGCTGCACGCTAGCTTTCCG 

CCCGAGCGAATTACCTTGCACGGCAACAACAAATCGGTCTCAGAGTTGACCGCT 

GCGGTCAAAGCCGGAGTCGGCCATATTGTCGTCGATTCGATGACCGAGATCGA 

GCGCCTCGACGCCATCGCGGGCGAGGCCGGAATCGTCCAGGATGTCCTGGTGC 

GTCTCACCGTCGGTGTCGAGGCGCACACCCACGAGTTCATCTCCACCGCGCACG 

AGACGCGTCAGC(^(^TCGGTTCGCAGATCTTCGACGTGGACGGCTTCGAACTC 

GCCGCGCACCGTGTCATCGGCCTGGTACGCGACGTCGTCGGCGAGTTCGGTCC 

CGAAAAGACGGGACAGATCGCGACCGTCGATCTCGGTGGCGGCTTGGGCATCT 

CGTATTTGCCGTCCGACGACCCACCGCCGATAGCCGAGCTCGCGGCCAAGCTG 

GGTACCATCGTGAGCGACGAGTCAACGGCCGTGGGGCTGCCGACGCCCAAGCT 

CGTTGTGGAGCCCGGACGCGCCATCGCCGGACCGGGCACCATCACGTTGTATG 

AGGTCGGCACCGTTAAGGACGTCGATGTCAGCGCCACAGCGCATCGACGTTAC 

GTCAGTGTCGACGGCGGCATGAGCGACAACATCCGCACCGCGCTCTACGGCGC 

GCAGTATGACGTCCGGCTGGTGTCTCGAGTCAGCGACGCCCCGCCGGTACCGG 

CCCGTCTGGTCGGAAAGCACTGCGAAAGTGGCGATATCATCGTGCGGGACAGC 

TGGGTGCCCGACGATATTCGGCCCGGCGATCTGGTTGCGG1TGCCGCCACCGG 

CGCTTACTGCTATTCGCTGTCGAGTCGTTACAACATGGTCGGCCGTCCCGCTGT 

GGTAGCGGTGCACGCGGGCAACGCTCGCGTGGTCCTGCGTCGGGAGACGGTCG 
ACGATTTGCTGAGTTTGGAAGTGAGGTGA 
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What is claimed is: 

1. A method of treating a mammal that is deficient in CD4 + 
lymphocytes, the method comprising inoculating the mammal with an 
attenuated mycobacterium in the Mycobacterium tuberculosis (M. tuberculosis*) 
complex, the mycobacterium comprising two deletions, wherein a virulent 
mycobacterium in the M. tuberculosis complex having either deletion exhibits 
attenuated virulence. 

2. The method of claim 1, wherein the mammal is at risk for infection by 
a virulent mycobacterium in the M tuberculosis complex. 

3. The method of claim 1, wherein the attenuated mycobacterium is an 
M. tuberculosis. 

4. The method of claim 3, wherein the M. tuberculosis is an H37Rv 

strain. 

5. The method of claim 3, wherein the M. tuberculosis is a CDC1551 

strain. 

6. The method of claim 1, wherein the attenuated mycobacterium is an 
M. bovis. 

7. The method of claim 1, wherein the mammal is a cow. 

8. The method of claim 1, wherein the mammal is a human. 

9. The method of claim 1, wherein the mammal is a human child. 
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10. The method of any one of claims 1-9, wherein at least one of the two 
deletions is a deletion of a region selected from the group consisting of an RD1 
region, a region controlling production of a vitamin, and a region controlling 
production of an amino acid. 

11. The method of claim 10, wherein the deletion is of the RD1 region. 

12. The method of claim 11, wherein the deleted KD1 region has at least 
95% homology to SEQ ID NO : 1 . i 

13. The method of claim 11, wherein the deleted RD1 region comprises 
SEQ ID NO:l. 

14. The method of claim 10, wherein the deletion is of a region 
controlling production of a vitamin. 

15. The method of claim 14, wherein the vitamin is pantothenic acid or 
nicotinamide adenine dinucleotide (NAD). 

16. The method of claim 17, wherein the vitamin is pantothenic acid. 

17. The method of claim 16, wherein the deletion is a kpanCD deletion. 

■. 

18. The method of claim 17, wherein the ApanCD deletion has at least 
95% homology to SEQ ID NO:2. 

19. The method of claim 17, wherein the kpanCD deletion comprises 
SEQ ID N0:2. 
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20. The method of claim 10, wherein the deletion is in a region 
controlling production of an amino acid. 

21. The method of claim 20, wherein the amino acid is selected from the 
group consisting of proline, tryptophan, leucine or lysine. 

22. The method of claim 20, wherein the amino acid is lysine. 

23. The method of claim 22, wherein the deletion is a AlysA deletion. 

24. The method of claim 23, wherein the AlysA deletion has at least 95% 
homology to SEQ ID NO:4. 

25. The method of claim 23, wherein the AlysA deletion comprises SEQ 
ID NO:4. 

26. The method of claim 10, wherein one deletion is of an RD1 region 
and the other deletion is of a region that controls production of a vitamin. 

27. The method of claim 26, wherein the deletion of the RD1 region 
comprises SEQ ID NO:l and the deletion of a region that controls production of 
a vitamin comprises SEQ ID NO:2. 

28. The method of claim 10, wherein one deletion is of an RD1 region 
and the other deletion is of a region that controls production of an amino acid. 

29. The method of claim 28, wherein the deletion of the RD1 region 
comprises SEQ 'ID NO:l and the deletion of a region that controls production of 
an amino acid comprises SEQ ID NO:4. 
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30. The method of claim 10, wherein one deletion is of a region that 
controls production of a vitamin and the other deletion is of a region that 
controls production of an amino acid. 

31. The method of claim 30, wherein the deletion of a region that 
controls production of a vitamin comprises SEQ ID NO:2 and the deletion of a 
region that controls production of an amino acid comprises SEQ ID NO:4. 

32. The method of any one of claims 1-32, wherein at least one of the 
deletions is made by genetic engineering. 

33. The method of any one of claims 1-32, wherein the deletion is made 
by specialized transduction. 

34. The method of any one of claims 1-32, wherein the deletion is made 
by sequential two-step recombination. 

35. The method of claim 34, wherein the sequential two-step 
recombination uses a sacB selective marker. 

36. The method of any one of claims 1-35, wherein the attenuated 
mycobacterium further comprises a foreign DNA stably integrated into genomic 
DNA of the mycobacterium. 

37. The method of claim 36, wherein the foreign DNA encodes at least 
one protein or polypeptide selected from the group consisting of an antigen, an 
enzyme, a lymphokine, an immunopotentiator, and a reporter molecule. 

38. The method of claim 37, wherein the foreign DNA encodes at least 
one protein antigen selected from the group consisting of antigens from 
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Mycobacterium leprae, Mycobacterium tuberculosis, malaria sporozoites, malaria 
merozoites, diphtheria toxoid, tetanus toxoids, Leishmania spp., Salmonella spp., 
Mycobacterium africarium, Mycobacterium intracellular, Mycobacterium avium, 
Treponema spp., Pertussis, Herpes virus, Measles virus, Mumps virus, Shigella 
spp., Neisseria spp., Borrelia spp., rabies, polio virus, Human immunodeficiency 
virus, snake venom, insect venom, and Vibrio cholera; steroid enzymes; 
-interleukins 1 through 7; tumor necrosis factor a and P; interferon a, p, and y ; 
and reporter molecules luciferase, p-galactosidase, p-glucuronidase and catechol 
dehydrogenase. 
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Abstract 

Methods of treating a mammal that is deficient in CD4 + lymphocytes are 
provided. The methods comprise inoculating the mammal with an attenuated 
mycobacterium in the M tuberculosis complex. In these methods, the 
mycobacterium comprises, two deletions, wherein a virulent mycobacterium in 
the M tuberculosis complex having either deletion exhibits attenuated virulence. 
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